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A B S T R A C T

The relationship between marine oxygenation and early animal evolution remains a highly debated topic. Recent 
research suggests that, rather than absolute atmospheric O2 threshold levels, the main factor controlling early 
animal distribution was long-term local marine redox conditions. To explore this hypothesis, we present trace 
element data along with Sr, Cr, and Cd isotopes in carbonate rocks from the late Ediacaran Corumbá Group, 
Brazil, obtained from drill cores of the GRIND-ECT project. This multiproxy approach is designed to constrain 
basin water circulation, redox conditions, and bioproductivity levels from ca. 565 to 540 Ma, ultimately aiming 
to reconstruct the paleoceanographic scenario in which early animal colonization occurred in the Corumbá 
Basin. Redox-sensitive metal abundances indicate a contrasting redox scenario, with predominant anoxia in the 
Bocaina Formation and expanded oxia in the overlying Tamengo Formation. This interpretation is further 
reinforced by Cr isotopes, whereby δ53Cr passes from low values in the range of Bulk Silicate Earth to positively 
fractionated values upsection. Two negative δ53Cr excursions in the Tamengo Formation are interpreted as 
anoxic intervals. 87Sr/86Sr values decrease from 0.7100 in the Bocaina Formation to late Ediacaran values around 
0.7085 in the Tamengo Formation. These radiogenic values in the Bocaina Formation are attributed to post- 
depositional diagenesis of Sr-depleted dolostones. Lastly, variable δ114Cd in the Bocaina Formation indicate 
contrasting productivity levels during highstand and flooding periods. The two anoxic intervals in the Tamengo 
Formation exhibit anomalous negative δ114Cd values, which may be linked to widespread eutrophication. Our 
study, combined with compilations of redox and fossil data, reveals that the Corumbá Basin evolved from a 
predominantly anoxic setting dominated by microfossils in the Bocaina Formation, to a connected marine setting 
in the Tamengo Formation. This later phase featured a deeper redoxcline and was dominated by fossils of bio
mineralizing animals, representing a near-optimal environment for early animal benthic colonization.

1. Introduction

The potential relationship between oxygen levels and early metazoan 
evolution has long been studied and discussed in the literature (Nursall, 

1959; Berkner and Marshall, 1965; Knoll, 1992; Knoll and Sperling, 
2014; Mills and Canfield, 2014). Estimates point that an atmospheric 
oxygen threshold of 0.5–4% PAL (present atmospheric levels), necessary 
to sustain animal metabolism (Mills et al., 2014; Cole et al., 2020), may 
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have been reached as early as 1400 Ma (Zhang et al., 2016; 2021), 
approximately 600 myr before the presumed origin of metazoans based 
on molecular clock estimations (dos Reis et al., 2015; Dohrmann and 
Wörheide, 2017). However, rather than absolute atmospheric oxygen 
concentrations, recent studies in Ediacaran successions suggest that the 
local long-term marine redox state was the major factor limiting early 
animal distribution (Cui et al., 2016; Bowyer et al., 2017; Evans et al., 
2018, 2022; Wood and Erwin, 2017).

In modern oceans, the seawater redox state is primarily controlled by 
local hydrodynamics, productivity levels, and temperature (mainly 
dictated by latitude) (Algeo and Lyons, 2006; Bowyer et al., 2017). The 
shape of marine basins, coastal bathymetry, wind regime, and sea-level 
dictate local surface seawater circulation (Thiede and Jünger, 1992). 
Regions with more intense ocean circulation tend to present increased 
dissolved O2, while restricted, stagnant water bodies or areas with 
sluggish circulation are prone to developing Oxygen Minimum Zones 
(OMZs) at depth through redox-stratification (Brandt et al., 2010; 
Thamdrup et al., 2012), occasionally reaching sulfidic conditions 
(Scholz, 2018). In this case, surface oxygenated waters are separated by 
anoxic/sulfidic deep waters by a redoxcline. Primary productivity, in 
turn, is chiefly limited by nutrient availability and light intensity 
(Rühlemann et al., 1999). Upwelling zones, for instance, where primary 
productivity is high due to the influx of nutrient-rich bottom waters, 
often experience surface water oxygen depletion through organic matter 
oxidation (Fuenzalida et al., 2009), while downwelling currents regu
larly inhibit deep nutrients from reaching surface waters (Hanson et al., 
2005) and carry O2-rich waters towards mid-depths (Yamamoto et al., 
2015). Latitude also dictates the amount of dissolved oxygen in surface 
waters, given that O2 is more soluble in the seawater at lower temper
atures (Richards, 1958), ultimately resulting in a latitudinal gradient in 
oceanic dissolved O2.

A similar circulation-productivity-redox interplay appears to have 
operated in the Ediacaran seas (Bowyer et al., 2017). Over most of the 
Ediacaran, oceans presented intense water column redox-stratification, 
with an upper layer of well-mixed oxygenated surface waters over
lying ferruginous (anoxic and Fe-rich) bottom waters and sulfidic 
wedges on continental shelves (Canfield et al., 2008; Li et al., 2010; Frei 
et al., 2013). Such conditions, however, were highly dynamic and sub
ject to spatial and temporal heterogeneity. A growing body of evidence 
based on detailed chemostratigraphic studies shows that basins that 
experienced variable connectivity to open ocean waters, such as the 
Yangtze Platform (South China), were prone to prolonged anoxia, with 
brief oxic periods during highstand intervals and consequent basin 
connection (Ostrander et al., 2019, 2020; Xu et al., 2022; Ostrander, 
2023), while basins with a permanent connection with the open ocean 
developed continued oxia, such as the basin in which the Nama Group 
(Namibia) sediments were deposited (Wood et al., 2015; Tostevin et al., 
2016b). In these basins, intense colonization of benthic environments by 
early animals occurred precisely during periods of oxygenation (Bowyer 
et al., 2017). Therefore, constraining local circulation and productivity 
is vital to correctly assess the relationship between redox conditions and 
metazoan distribution in each basin, and establish whether they can be 
correlated globally.

The Corumbá Group (Brazil) represents a late Ediacaran basin situ
ated in Western Gondwana and includes carbonate successions with a 
rich fossiliferous content (Fairchild et al., 2012). Although it serves as an 
exceptional archive for paleoenvironmental research, key paleoceano
graphic characteristics of the Corumbá Basin—such as its redox history 
and levels of primary productivity—remain poorly constrained. To 
explore these open questions, we have analyzed carbonate rocks from 
the Corumbá Group for trace elements and strontium, chromium, and 
cadmium isotopes. This multiproxy approach, combined with extensive 
available paleontological data, offers new insights into the evolution of 
the Corumbá Basin, its associated biota, and for comprehending Edia
caran ecosystems.

2. Chromium isotope systematics

Chromium (Cr) is a redox-sensitive element (RSE), that usually oc
curs either as trivalent Cr(III) or hexavalent Cr(VI) in natural systems. Cr 
isotopes fractionate during oxi-reduction reactions, given that Cr(VI) 
bounds are more stable than those of Cr(III), thus always enriching the 
Cr(VI)-pool in the heavier isotope (53Cr) with respect to the lighter 
isotope (52Cr) (Schauble et al., 2004).

Oxidation of Cr(III) in soils by oxidative weathering releases the 
more mobile Cr(VI) into catchments and rivers, ultimately causing the 
riverine input into the ocean to be 53Cr-enriched (Ellis et al., 2002; Oze 
et al., 2007; Berger and Frei, 2014; Frei et al., 2014; Miletto et al., 2021). 
Subsequently, the Cr isotope composition of the ocean is chiefly 
controlled by local redox conditions and primary productivity (Bonnand 
et al., 2013; D’Arcy et al., 2017; Janssen et al., 2020), either preserving 
the land-derived positive signature or causing isotopic offsets, mostly 
after Cr(VI) reduction. Cr is removed from the ocean mainly after 
reduction to the particle-reactive Cr(III) species, being scavenged onto 
settling particles in reducing and anoxic sediments (Reinhard et al., 
2014; Wang et al., 2023). These removals account for more than 90 % of 
the total Cr sink influx, while the rest corresponds to oxic sediments sink 
(Reinhard et al., 2013).

The δ53Cr of modern seawater ranges from +0.13 to +1.53 ‰ 
(Bonnand et al., 2013; Scheiderich et al., 2015; Paulukat et al., 2016), 
similar to modern rivers, whose δ53Cr spans from +0.08 to +1.33 ‰ 
(Frei et al., 2014; Paulukat et al., 2015; D’Arcy et al., 2017). In the 
ocean, Cr(VI) can undergo reduction to Cr(III) through biotic (Pereira 
et al., 2015; Farkaš et al., 2018) and abiotic (Kitchen et al., 2012; Frank 
et al., 2019; Wang et al., 2023) pathways. These processes have distinct 
Cr isotope fractionation factors (ε). For instance, Cr(VI) reduction by Fe- 
bearing clays has ε spanning from − 4.9 to − 1.3 ‰ (Joe-Wong et al., 
2021), while ε relative to Cr reduction by bacteria ranges from − 0.4 to 
− 5.0 ‰ (Sikora et al., 2008; Basu et al., 2014; Chen et al., 2019a; b; 
Zhang et al., 2019).

Cr stable isotopes in carbonate rocks have been widely used as a 
proxy to track atmospheric and seawater oxygenation in the geological 
record (e.g., Frei et al., 2009; 2011; Rodler et al., 2015; 2016; Gilleau
deau et al., 2016; Caxito et al., 2018; 2023; Klaebe et al., 2021; Fred
eriksen et al., 2022a; b; Rugen et al., 2022; Fernandes et al., 2025a). This 
application assumes that carbonate minerals reliably preserve the Cr 
isotope composition of the water in which they are formed. Laboratory 
experiments show that Cr fractionation during incorporation into calcite 
is negligible considering natural seawater conditions (Rodler et al., 
2015), thus rendering carbonate δ53Crauth to faithfully represent the 
seawater Cr isotope signal.

3. Cadmium isotope systematics

In the modern seawater, cadmium (Cd) presents a nutrient-like 
behavior, showing depletion in the photic zone due to phytoplankton 
uptake and progressive enrichment in deeper waters prompted by 
organic matter remineralization (Boyle et al., 1976; Lacan et al., 2006; 
Ripperger et al., 2007; Abouchami et al., 2014). This biologically-driven 
vertical profile in the water column is similar to the distribution of 
phosphate, which is the ultimate limiting nutrient in the ocean. The 
exact biological role of Cd in organisms remains uncertain. It may be 
used in the cadmium carbonic anhydrase enzyme (Cd-CA), a variant of 
the Zn-CA enzyme (Price and Morel, 1990). However, it is also possible 
that Cd serves no specific biological function and is instead inadver
tently incorporated by organisms due to its chemical similarity to Zn 
(Hohl et al., 2017). The Cd isotope composition of seawater varies 
inversely with its concentration, as phytoplankton preferentially up
takes the lighter 110Cd isotope with respect to the heavier 114Cd isotope 
(Ripperger et al., 2007; Abouchami et al., 2011). This selective uptake 
results in surface waters with higher δ114Cd and deep waters with lower 
and homogeneous δ114Cd after organic matter remineralization, 
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concomitant Cd release, and water mass mixing at greater depths 
(Ripperger et al., 2007; George et al., 2019; Sieber et al., 2019).

Cd enters the ocean mainly via rivers and aeolian dust, with minor 
participation of hydrothermal fluxes (George et al., 2019; Bryan et al., 
2021). The riverine and aeolian inputs have a similar Cd isotope 
composition around + 0.1 ‰ (Lambelet et al., 2013; Bridgestock et al., 
2017), while the hydrothermal influx present a wide range of δ114Cd, 
from − 0.45 to +0.39 ‰ (Schmitt et al., 2009). The main sink of Cd from 
the ocean is organic matter bound Cd in continental margin sediments, 
with a relatively heavy Cd isotope composition from 0.08 to 0.39 ‰ 
(Janssen et al., 2019). In the case of suboxic to anoxic margin sediments, 
sulfide precipitation can also be a significant (and potentially dominant) 
Cd sink in the form of CdS, with lighter isotope composition down to 
− 0.07 ‰ (Guinoiseau et al., 2019; Bryan et al., 2021). The adsorption of 
Cd onto Fe-Mn particulate is also a pathway of Cd removal from the 
ocean, although to a minor extent and impinging no significant isotopic 
fractionation (Bryan et al., 2021).

Considering that the magnitude of seawater δ114Cd in shallow set
tings varies as a function of primary productivity and that carbonate 
minerals faithfully record the seawater Cd isotope composition, Cd 
isotopes from carbonate rocks can be a reliable archive for past marine 
primary productivity (Hohl et al., 2017; Druce et al., 2022; Frederiksen 

et al., 2022a; b).

4. Geological setting

4.1. Geology of the southern Paraguay belt and Corumbá group

The Paraguay Belt is a Neoproterozoic fold-thrust belt formed in the 
southeastern margin of the Amazonia Craton, specifically at the eastern 
border of the Rio Apa Terrane, when it collided with the Paranapanema 
and São Francisco cratons during the Brasiliano Orogenic Cycle, from 
the Ediacaran to early Cambrian (Alvarenga and Trompette, 1993; 
Trompette et al., 1998). The belt is divided into the northern and 
southern branches, whose geological evolution was similar during the 
late Cryogenian to early Ediacaran and distinct during the mid Edia
caran to early Cambrian, as recorded in sedimentary successions 
(Alvarenga et al., 2009; Babinski et al., 2018; Fernandes et al., 2025a). 
In the southern sector of the Paraguay Belt, the predominantly Edia
caran Corumbá Group represents the last sedimentation phase, possibly 
in a foreland setting (Campanha et al., 2011; McGee et al., 2018; Leite 
et al., 2024), although the precise timing of basin inversion is still 
unclear.

The Corumbá Group is divided into six units, Cadiueus, Cerradinho, 

Fig. 1. (a) Schematic tectonic map of South America with main cratonic terranes and Neoproterozoic mobile belts. (b) Tectonic map of the Paraguay Belt and 
adjacent areas (after Parry et al., 2017). Red rectangle denotes the area in (c). (c) Geologic map of the Corumbá area with indication of the drill sites 3A and 3B. (d) 
Schematic stratigraphic column of the Corumbá Group, with indication of the stratigraphic position of cores 3A and 3B (after Fernandes et al., 2025b). U-Pb ash bed 
zircon ages are from Parry et al. (2017).
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Morraria do Sul, Bocaina, Tamengo, and Guaicurus formations, from 
base to top (Fig. 1) (Almeida, 1965; Boggiani, 1998; Fernandes et al., 
2025a). The Cadiueus and Cerradinho formations are the Cryogenian 
basal siliciclastic units of the Corumbá Group, comprising polymictic 
conglomerates and arkosic sandstones, respectively (Boggiani, 1998). 
They represent glacial outwash fans (Gaucher et al., 2003), possibly 
related to the Marinoan Glaciation (Hiatt et al., 2020). The Morraria do 
Sul Formation constitutes the early Ediacaran post-glacial cap carbonate 
phase formed during a major transgression over the Rio Apa Terrane 
(Fernandes et al., 2025a). The Bocaina Formation overlies the Cerra
dinho and Morraria do Sul formations over an erosive surface that 
represents a major hiatus in sedimentation (H1 in Fig. 1). Stromatolitic 
dolomites, breccias, phosphorites, and shales of the Bocaina Formation 
represent a reef-rimmed carbonate shelf (Boggiani et al., 1993; Hippertt 
et al., 2023), hosting a diverse microfossil content (Morais et al., 2021; 
2024), although macrofossils are absent. The Bocaina-Tamengo limit is 
characterized by an erosive surface (H2 in Fig. 1), above which occur 
thick layers of polymictic breccia in slope and foreslope sections, 
deposited during a major regression in lowstand wedges (Fernandes 
et al., 2022; Fernandes et al., 2025b), and a hiatus in proximal shelf 
sections. The Tamengo Formation upwards presents limestones and 
shales, with metazoan fossils, namely Cloudina sp. (e.g., Walde et al., 
2015; Adorno et al., 2017; Afonso et al., 2024), Corumbella werneri (e.g., 
Pacheco et al., 2018; Osés et al., 2022), and Paraconularia ediacara 
(Leme et al., 2022), as well as macroalgae (Diniz et al., 2021), ven
dotaenia (Gaucher et al., 2003; Becker-Kerber et al., 2022), and ichno
fossils (Parry et al., 2017). The Tamengo Formation represents a storm- 
dominated carbonate ramp developed during a major transgression after 
ca. 550 Ma, considering correlations based on carbon isotope chemo
stratigraphy and fossil content (de Oliveira et al., 2019; Amorim et al., 
2020; Ramos et al., 2022; Fernandes et al., 2024). Lastly, the Guaicurus 
Formation encompasses siltstones and shales formed during the last 
transgressive phase of the Corumbá Basin (Walde et al., 2015; Fazio 
et al., 2019).

The age of the uppermost Bocaina Formation is known through a 
volcanic ash layer that yielded a U-Pb zircon age of 555.18 ± 0.30 Ma 
(Parry et al., 2017). Additionally, a U-Pb dolomite age of 571 ± 9 Ma 
was obtained for the lower Bocaina Formation at the Serra da Bodo
quena region (Morais et al., 2024) (Fig. 1). Within this uncertainty 
range, the base of drill core 3A (see next section) is thought to be around 
565 Ma, based on carbon isotope correlations (Fernandes et al., 2025b). 
Two ash beds at the upper Tamengo Formation yielded U-Pb zircon ages 
of 542.37 ± 0.28 Ma and 541.85 ± 0.75 Ma, indicating a terminal 
Ediacaran sedimentation age (Parry et al., 2017), which agrees with the 
presence of fossils attributable to the Nama Assemblage (550–538 Ma) 
in this unit.

4.2. GRIND-ECT cores 3A and 3B

The samples analyzed in this study were obtained from drill cores 3A 
and 3B (Fig. 2) of the GRIND-ECT project (Geological Research through 
Integrated Neoproterozoic Drilling – Ediacaran-Cambrian Transition) of 
ICDP (International Continental Scientific Drilling Program) (Rose et al., 
2019). Core 3A (− 19.00◦, − 57.62◦) was drilled at Porto Sobramil, in 
Corumbá (Fig. 1), and presents limestones and shales from the Tamengo 
Formation down to 55.24 m depth, where it sharply transitions to do
lomites of the Bocaina Formation, extending to the base of the core at 
182.95 m (Fig. 2). Core 3B (− 19.02◦, − 57.68◦) was drilled at the Corcal 
Mine, also located in the Corumbá area (Fig. 1). It contains limestones 
and shales from the Tamengo Formation in the top 114.58 m, followed 
by 8.45 m of dolomites from the Bocaina Formation at the bottom. For 
detailed sedimentological and stratigraphic data from cores 3A and 3B, 
the reader is referred to Fernandes et al. (2025b).

In both cores, the Bocaina Formation presents essentially dolog
rainstones, dolomite breccias, and microbialites, mainly stromatolites 
and oncolites in a transgressive systems tract followed by a highstand 

systems tract at the top. In core 3A, a maximum flooding surface sepa
rates these two systems tracts at ca. 100 m depth. The Tamengo For
mation displays grainstones, mudstones, and black shales, also arranged 
in a transgressive and highstand systems tracts succession, with a 
maximum flooding surface at ca. 60 m depth in core 3B. Both sections 
are attributed to relatively shallow marine environment in the Corumbá 
Basin, with the Bocaina Formation representing a carbonate-dominated 
tidal flat and the Tamengo Formation denoting a slightly deeper car
bonate ramp with deposition of black shales during low-energy periods 
(Boggiani et al., 1993; Amorim et al., 2020; Hippertt et al., 2023). The 
abrupt contact between the Tamengo and Bocaina formations charac
terizes a sequence boundary, with an erosional gap of ca. 5 My, from ca. 
555 to 550 Ma, as suggested by the integration of radiometric ages, fossil 
content, and carbon isotope correlations (Fernandes et al., 2025b).

5. Methods

5.1. Sampling and sample preparation

Samples from cores 3A and 3B were collected avoiding zones with 
visible post-depositional alteration, brecciation, veins, and irregular 
bedding. Only carbonate samples were collected, as this study focuses on 
carbonate geochemistry. Samples were slabbed and polished with 
sandpaper to remove metal contaminations from the saw. Lastly, slabs 
were powdered down to 200 mesh using an agate mixer mill. A total of 
37 samples were analyzed for trace elements and Sr isotopes, and, 
among these, 28 were analyzed for Cr isotopes and 19 for Cd isotopes. 
Supplementary Data (Table S1) presents the depth and geological for
mation of each sample.

5.2. Major and trace elements

All analytical procedures follow the methods described by Fernandes 
et al. (2025a). Around 600 mg of powdered samples were dissolved in 4 
mL 0.5 N HNO3 and subsequently diluted to 50 mL with ultra-pure water 
(Milli-Q; 18 MΩ resistivity). The solutions were analyzed for 48 ele
ments with an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 
quadrupole instrument iCAP-Q from Thermo Scientific at the University 
of Copenhagen. The standard material NIST 1643f and a diluted Rea
gecon ICP-Multielement Standard with 23 elements were used for cali
bration. Furthermore, the J-Do1 dolomite standard material (Imai et al., 
1996) was also analyzed to evaluate the accuracy of the geochemical 
data. The results for the J-Do1 standard were reported by Fernandes 
et al. (2025a).

In cross-plots, we considered p < α = 0.01 to be statistically signif
icant. Rare earth elements distribution diagrams were made after 
normalization as per Post-Archean average Australian Shale (PAAS; 
McLennan, 1989). Dy/Sm ratios were calculated to represent the 
magnitude of middle rare earth elements (MREE) enrichments over light 
rare earth elements (LREE). Cerium anomalies were calculated using the 
geometric equations of Lawrence et al. (2006): 

(Ce/Ce*)n = (Ce)n × (Nd)n

/
(Pr)2

n (1) 

and trace metals (TM) enrichment factors (EF) were calculated as: 

TMEF = (TM/Al)sample/(TM/Al)PAAS (2) 

5.3. Strontium isotopes

Sr purification was performed according to the procedure described 
by Frei et al. (2011) and Fernandes et al. (2025a). 10 mL of the same 
solutions prepared for trace element analysis were dried down on a 
hotplate and redissolved in 1 mL of 3 M HNO3. These solutions were 
then introduced into 1 mL columns containing 300 µL of SrSpecTM 

(Eichrome Inc./Tristchem) resin (50–100 mesh). The columns were 
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Fig. 2. Stratigraphic columns of GRIND-ECT cores 3A and 3B with sequence stratigraphic interpretation and δ13C profiles (after Fernandes et al., 2025b). Squares 
indicate samples from core 3A and circles, from core 3B. Zones e1 and e2 denote intervals with anomalous geochemical signatures within the Tamengo Formation.
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calibrated through successive steps of ultra-pure water and 3 M HNO3 
addition. Matrix was eluted through twelve flushing steps of 1 mL of 3 M 
HNO3. Then, the Sr was collected with ultra-pure water. Subsequently, 
samples were loaded onto outgassed 99.9 % single-Re filaments using a 
loading solution of 2.5 µL Ta2O5-H3PO4-HF on a VG sector 54 IT Thermal 
Ionization Mass Spectrometer (TIMS) at the University of Copenhagen. 
Analyzes for the NIST 987 Sr standard prepared in the same way as the 
samples yielded 87Sr/86Sr ratios of 0.710238 ± 0.000018 (2σ) 
(Fernandes et al., 2025a). The average long-term reproducibility for the 
analyzed samples was ± 0.000015 (2σ).

5.4. Cadmium isotopes

The method for Cd purification via chromatography followed the 
procedure described by Frederiksen et al. (2022a, 2024) and Fernandes 
et al. (2025a). Approximately 2 – 8 g of powdered sample (depending on 
the Cd concentration previously obtained via ICP-MS) was digested in a 
mixture of 0.5 M HNO3/0.2 M HBr, with each 2 g of sample digested in 
40 mL of mixture in a centrifuge tube. A 106Cd/108Cd double spike was 
added to the solutions, aiming to achieve the 106Cd/110Cd ratio of 0.5 ±
0.1 in the sample-spike mixture. Subsequently, the samples were 
centrifuged, and the supernatant was separated for the first chromato
graphic step. In this stage, we used 10 mL BioRadTM columns with AG- 
1X8 100–200 mesh anion resin. Matrix was eluted after successive 
addition of 0.5 M HNO3/0.2 M HBr, 0.03 M HNO3/0.2 M HBr, and 1 M 
HCl. The recovered solution during this matrix elution step was further 
processed for Cr separation. The second chromatographic step was 
performed using 1 mL disposable pipette tip columns, and matrix was 
eluted in the same way as the first step. Cd was collected using 0.25 M 
HNO3 in SavillexTM Teflon beakers.

Samples were loaded onto outgassed single-Re filaments using 2.5 µL 
of an 8:1:1 mixture of silicic acid, 1 M phosphoric acid, and saturated 
boric acid. The isotopic measurements were conducted in an IsoProbe-T 
TIMS at the University of Copenhagen. 112Cd beam intensities were 
between 150 and 600 mV, depending on the quality of the signal. Details 
of mass spectrometric runs of Cd are presented in a recent publication by 
Frei et al. (2024). Results are expressed using the delta (δ) notation in 
per-mil (‰) with respect to the NIST 3108 reference material. 

δ114Cd(‱) =
[(

114Cd/110Cdsample/
114Cd/110CdNIST3108

)
− 1

]
× 103 (3) 

The results of runs of the NIST 3108 through analyses at 110Cd beams 
of 300, 600, and 1000 mV yielded the long-term δ114Cd of 0.00 ± 0.10 
‰ (2σ, n = 120) (Fernandes et al., 2025a). Additionally, analyses of 
“Münster Cadmium” (MCd) and BAMIO12 reference solutions yielded 
δ114Cd values of +4.56 ± 0.75 ‰ (2σ, n = 4) and − 1.37 ± 0.07 ‰ (2σ, n 
= 4), respectively (Fernandes et al., 2025a). These values agree with the 
values obtained by other laboratories (Abouchami et al., 2013).

5.5. Chromium isotopes

The method for Cr purification followed the procedure described by 
Frei et al. (2011) and Gilleaudeau et al. (2016). A 50Cr-54Cr double-spike 
(Schoenberg et al., 2008) was added to powdered samples with a 4:1 
sample:spike volume ratio. 4 mL of aqua regia was added to the solution 
collected after the first Cd purification step to remove the Br from so
lution. Samples were then dried down on a hotplate and redissolved in 
20 mL 0.1 M HCl. 1 mL of 1 M (NH4)S2O8 was added as an oxidant 
activator. Beakers were subsequently placed on a hotplate for 90 min at 
130 ◦C to oxidize all the Cr(III) to Cr(VI). Cr purification followed two 
ion exchange steps. The first chromatographic step was performed using 
anion exchange columns charged with 2 mL of AG 1X8 100–200 mesh 
resin. Matrix was eluted through successive flushing steps of ultra-pure 
water and 6 M HNO3, and Cr was collected using 6 mL of 2 M HNO3 and 
330 µL of 5 % H2O2. The second step was performed with a cation ex
change column charged with an AG-50 W-8 200–400 mesh resin. Dried 

samples from the anion column separation were re-dissolved in 200 µL 
of 6 M HCl, then diluted with 2 mL ultra-pure water and passed over the 
cation columns.

Samples were loaded onto outgassed single-Re filaments using the 
same loading solution as for the Cd procedure. Isotopic measurements 
were carried out with an IsotopX Phoenix TIMS at the University of 
Copenhagen. Analytical details were presented by Frei et al. (2024). 
Results of Cr isotope compositions are also reported using the delta 
notation in per-mil, with respect to the “zero-delta” NIST 979 reference 
material. 

δ53Cr(‱) =
[(

53Cr/52Crsample/
53Cr/52CrNIST979

)
− 1

]
× 103 (4) 

Analyses of the NIST 979 material prepared using the same proced
ure as the samples yielded δ53Cr = 0.06 ± 0.09 ‰ (n = 125, 2σ) 
(Fernandes et al., 2025a).

6. Results

6.1. Elemental geochemistry

Elemental geochemical data is provided in the Supplementary Data
(Table S1). Mg/Ca ratios present a clear decreasing pattern, from 0.53 in 
the Bocaina Formation to less than 0.01 in the Tamengo Formation 
(Fig. 3), as is expected from the main mineralogy of these units, passing 
from dolomites to limestones. Notably, samples in the lowermost 
Tamengo Formation present intermediate Mg/Ca ratios, consistent with 
dolomitic limestones. Th/U ratios are relatively high in the lower 
Bocaina Formation, spanning from 1.25 to 5.43, and decrease upwards 
down to 0.38. In the Tamengo Formation, Th/U ratios are lower, down 
to 0.23, apart from intervals e1 and e2 (Fig. 3b), when Th/U peak up to 
7.78. An opposite pattern is observed in UEF and VEF plots, with low 
values in the Bocaina Formation and intervals e1/e2 (around 50 for UEF 
and 4 for VEF) and high values in the Tamengo Formation, apart from 
intervals e1/e2, up to 1054 and 15, respectively (Fig. 3B).

Al abundances are relatively low throughout the whole succession, 
varying from 37 to 433 mg/kg, with two peaks in intervals e1 and e2, up 
to 1527 mg/kg. Fe concentrations vary around 1300 mg/kg in the 
Bocaina Formation and 400 mg/kg in the Tamengo Formation, where 
intervals e1 and e2 also present a peak up to 4912 mg/kg. Mn/Al ratios 
vary from 0.2 to 5.0 and peak up to 35.8 in interval e1. P abundances 
range from 64 to 806 mg/kg in the Bocaina Formation and from 33 to 
603 mg/kg in the Tamengo Formation, with two peaks during e1/e2 up 
to 1042 mg/kg and in the uppermost sample of core 3B of 1277 mg/kg. 
Mn/Sr ratios span from 0.01 to 3.15, with high values (>2) during in
terval e1 and at the Bocaina-Tamengo limit.

The rare earth elements and yttrium (REY) concentrations obtained 
for the Bocaina and Tamengo Formations reveal a prominent MREE 
enrichment with respect to LREE and heavy rare earth elements (HREE). 
This enrichment results in a MREE-bulge pattern in the distribution di
agram (Fig. 4) and elevated (Dy/Sm)n ratios, up to 1.55. PAAS- 
normalized Ce anomalies range from 0.94 to 1.27, with a clear in
crease from the Bocaina to the Tamengo formations (Fig. 3).

6.2. Isotope geochemistry

All isotope results are listed in the Supplementary Data (Table S2). 
The 87Sr/86Sr values in the Bocaina Formation show a consistent trend 
around 0.7100, with a few values up to 0.7118 close to the Bocaina- 
Tamengo transition (Fig. 5). Samples from the Tamengo Formation 
also present elevated values close to the contact, up to 0.7119. The main 
trend in the Tamengo Formation displays 87Sr/86Sr values slowly 
dropping from 0.7095 down to 0.7084. This minimum value is reached 
around 20 m depth of core 3B, above which the 87Sr/86Sr curve presents 
a slight increase back to 0.7085.

The average δ53Crraw in the Bocaina Formation is − 0.26 ± 0.32 ‰ 
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(2σ, n = 10), presenting a relatively homogeneous distribution 
throughout the unit (Fig. 5). Only one sample yielded a positive value, of 
+0.04 ‰. In the Tamengo Formation, the average δ53Crraw is +0.20 ±
0.54 ‰ (2σ, n = 18), showing a plateau around + 0.4 ‰ with two brief 
negative excursions (e1 and e2) towards negative values, around − 0.2 
‰, at 75 m and 35 m depth of core 3B (Fig. 5).

The δ114Cdraw data presented an average of − 0.02 ± 0.40 ‰ (2σ, n =
10) in the Bocaina Formation and − 0.13 ± 0.52 ‰ (2σ, n = 9) in the 
Tamengo Formation (Fig. 5). Positive values are exclusively found in the 
upper Bocaina Formation, in the transgressive systems tract of this unit, 
from 55 to 105 m depth of core 3A. In the Tamengo Formation, negative 
δ114Cdraw values were obtained at depths coincident with e1 and e2.

Fig. 3. Elemental plots along with the stratigraphic columns of cores 3A and 3B. Yellow fields e1 and e2 denote intervals with relatively high Al, Fe, Mn/Al, and P, as 
well as anomalous isotopic signatures in the Cr-Cd record (see Fig. 5). Squares indicate samples from core 3A and circles represent samples from core 3B. Data is 
provided in the Supplementary Data (Table S1).
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Fig. 4. PAAS-normalized REE and Y distribution obtained in the Bocaina (a) and Tamengo (b) formations. Modern seawater, high-T hydrothermal fluids (Douville 
et al., 2002), and Fe-rich marine pore waters (Haley et al., 2004) REY distributions are plotted for comparison in (c).
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Fig. 5. (a) δ53Cr, (b) δ114Cd, (c) 87Sr/86Sr, (d) Cr, (e) Cd, and (f) Sr plots along with columnar sections of cores 3A and 3B. Error bars denote 2σ in the Cr and Cd plots. 
The gray area in (a) represents the range of BSE values (Schoenberg et al., 2008), the blue area in (c) corresponds to the late Ediacaran global seawater trend (Chen 
et al., 2022), and the red vertical line in (f) denotes the [Sr] cutoff value of 400 mg/kg of samples with altered 87Sr/86Sr values (see text for details). Data is given in 
the Supplementary Data (Table S2).

Fig. 6. Cross-plots of Al, Ti, and Zr versus 
∑

REY and Y/Ho.
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7. Discussion

7.1. Effects of detrital contamination on REY patterns

The REY pattern of carbonates can be subject to intense alteration of 
the marine signal by detrital contaminants, as detrital particles typically 
have 10 to 100 times more REE than carbonate minerals (Nothdurft 
et al., 2004). Aluminum, titanium, and zirconium are frequently used as 
detrital indicators, due to their relative immobility in solution and 
resistance during weathering. Y/Ho ratios and 

∑
REY in our samples do 

not significantly correlate with Al and Ti (Fig. 6), indicating that the 
detrital contamination from clayey fractions on the REY pattern was 
negligible. A significant correlation, however, was observed in the Zr 
versus 

∑
REY plot (Fig. 6c), suggesting that REY enrichment may have 

been caused by contamination from sand-size detrital fractions. Never
theless, given the lack of significant correlation between Zr and Y/Ho 
and that all samples, even the ones with high Zr, present superchondritic 
Y/Ho ratios (>25), it is unlikely that this enrichment affected the shape 
of the REY distribution, as high amounts of detrital phases often oblit
erate this positive Y anomaly (Nothdurft et al., 2004; Gong et al., 2021).

7.2. Origin of REY patterns and seawater redox-stratification

The REY distribution in modern ocean waters follows the so-called 
“seawater signal”, presenting a positive La anomaly, negative Ce 
anomaly, minor positive Gd anomaly, LREE depletion, and super
chondritic Y/Ho ratios (Zhang and Nozaki, 1996; Nozaki et al., 1997). 
Ancient carbonates can record the pristine REY signature of the seawater 
from which they are formed, giving valuable information regarding 
trace elements remobilization and redox conditions through the 
magnitude of Ce anomalies (German and Elderfield, 1990; Tostevin 
et al., 2016a). Nevertheless, early diagenetic processes can significantly 
alter the original REY distribution, especially under anoxic pore water 
environments (Zhang and Shields, 2023).

The samples analyzed here present a clear MREE-bulge pattern, 
easily verified in the distribution diagrams (Fig. 4) and through the 
relatively high Dy/Sm ratios. Similar results were obtained in previous 
studies on the Tamengo Formation from Corumbá (Spangenberg et al., 
2014) and Serra da Bodoquena (Fernandes et al., 2024) areas. Such 
MREE-bulge patterns can be formed during precipitation of authigenic 
phosphate (Bryne et al., 1996; Shields and Stille, 2001; Pattan et al., 
2005), REY complexation with organic matter (Tang and Johannesson, 
2010), and remobilization of REY after reduction of Fe-Mn oxy
hydroxides in anoxic diagenetic environment (de Baar et al., 1985; 
Haley et al., 2004; Paul et al., 2019). There is no significant correlation 
between P and Dy/Sm (Fig. 7), suggesting that phosphate authigenesis 
was not a driver for these MREE-bulge patterns. Furthermore, organic 
matter has about 10 times less REE than Fe-Mn nodules (Freslon et al., 
2014), making it, if at all, a minor driver for the widespread MREE 

enrichments observed in carbonate rocks of the Corumbá Group.
Conversely, redox-stratified water column and ferruginous condi

tions are attributed to the Tamengo Formation based on iron speciation 
data (Caxito et al., 2024), and significant positive correlations obtained 
between Mn/Al (and Fe/Al) and Dy/Sm (Fig. 6d) reinforce the inter
pretation of Fe-Mn oxyhydroxides as the main MREE driver. In this case, 
Fe-Mn oxyhydroxides formed in the oxic layer preferentially incorporate 
MREE relative to LREE and HREE (Sholkovitz et al., 1994), as well as Ce 
(VI) relative to other REE (Bau and Koschinsky, 2009; de Baar et al., 
2018). Subsequently, in an anoxic pore water environment, dissolution 
of these Fe-Mn oxyhydroxides and REY remobilization take place, 
causing the REY signal of carbonate rocks to be overprinted and forming 
the MREE-bulge pattern (Haley et al., 2004). Therefore, the obtained 
REE patterns probably represent an early diagenetic remobilization in 
an anoxic pore water environment. Interestingly, Ce anomalies increase 
from around 1.0 (no anomaly) in the Bocaina Formation to ca. 1.2 in the 
Tamengo Formation, which potentially demonstrates that diagenetic 
processes in the Tamengo Formation took place in the Mn reduction 
zone, where the dissolution of Mn-oxyhydroxides release Ce (German 
et al., 1991; Ling et al., 2013). This possibly suggests that the redoxcline 
was shallower in the Bocaina Formation compared to the Tamengo 
Formation, given that the dissolution of Mn-particulate released rela
tively more Ce in the Tamengo Formation.

7.3. Element geochemical proxies

Uranium (U) and vanadium (V) are redox-sensitive elements. Their 
abundances in sedimentary rocks have the potential to track changes in 
past seawater redox conditions (Emerson and Huested, 1991). Under 
oxygenated conditions, U is mainly found as U(VI) in highly soluble 
carbonate complexes and V is present as V(V) in oxyanions. Under 
anoxic seawater, both U and V are removed from the water column by 
anoxic sediments and insoluble oxyhydroxides (Tribovillard et al., 
2006). U and V enrichment factors (EFs) are widely used as seawater 
redox proxies in ancient sedimentary rocks. In contrast, thorium (Th) is 
not significantly affected by redox shifts and remains insoluble in the 
water column, rendering Th/U ratio in carbonates to be a reliable 
paleoredox proxy for tracking ocean redox conditions (Marenco et al., 
2016). As presented in the previous section, both units likely presented a 
sustained anoxic pore water environment, which limited U and V 
remobilization, therefore recording water-column redox conditions. The 
UEF, VEF, and Th/U data of our samples show clear changes in redox 
conditions throughout the Bocaina and Tamengo formations (Fig. 3). 
Relatively high values of Th/U (>2) coupled with low values of UEF and 
VEF (<200 and <5, respectively) in the Bocaina Formation and intervals 
e1/e2 indicate that these were periods of expanded anoxia, with lower 
dissolved U and V in the water column. In contrast, the Tamengo For
mation, excluding intervals e1/e2, presents the opposite pattern, likely 
indicating increased oxia. This further supports that the redoxcline was 

Fig. 7. Plots of Mn/Al (a), Fe/Al (b), and P (c) versus Dy/Smr for the studied samples. Only (a) and (b) yielded significant correlations (i.e., p < α = 0.01).
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deeper in the Tamengo Formation (outside the e-intervals) compared to 
the Bocaina Formation.

Phosphorus (P) is the ultimate limiting nutrient in the ocean in 
geological timescales. P abundances in carbonate rocks can be applied as 
a paleoproductivity proxy, although some observations regarding P 
remobilization during diagenesis and the link between P cycling and 
redox conditions challenge this application (Tribovillard et al., 2006). 
Similarly to the other proxies discussed in this section, P concentrations 
are relatively high during e1 and e2, suggesting increased primary 
productivity during these intervals (Fig. 3). P abundances are also 
relatively high in some samples from the Bocaina Formation, up to 806 
mg/kg. Notably, the Bocaina Formation in cores 3A and 3B does not 
present phosphorite layers, in contrast to the widespread phosphorite 
beds in the Serra da Bodoquena region, mostly associated with reef 
stromatolites (Hippertt et al., 2023). This contrast suggests different 
productivity levels in the lagoonal and reef/rim environments, if phos
phorite deposition was driven by upwelling. Alternatively, these overall 
high P concentrations in the lagoonal setting of the Bocaina Formation 
may derive from P-bearing detrital materials or authigenic phases un
related to upwelling.

Considering the points listed above, the Bocaina Formation and in
tervals e1 and e2 within the Tamengo Formation display increased 
anoxia, detrital input, and primary productivity. Conversely, the 
Tamengo Formation, outside e1 and e2, probably had a deeper redox
cline and low productivity levels. The links between these parameters 
and the isotope data will be further explored in the next sections.

7.4. Variations of 87Sr/86Sr values

In the seawater, the strontium (Sr) isotope composition is modulated 

by the mixture of Sr derived from two major sources: more radiogenic (i. 
e., 87Sr-enriched) Sr from continental weathering and less radiogenic (i. 
e., 87Sr-depleted) Sr from the oceanic lithosphere (Asmerom et al., 1991; 
Richter et al., 1992). Carbonate minerals record the 87Sr/86Sr signature 
of the seawater from which they are formed and therefore act as archives 
for reconstructing the paleo-seawater 87Sr/86Sr curve (Shields, 2007; 
Halverson et al., 2010; Zhou et al., 2020). It is known that the 87Sr/86Sr 
curve presents relatively high values in the late Ediacaran, around 
0.7085 (Kaufman et al., 1993; Halverson et al., 2010), which is attrib
uted to the formation of collisional orogens during the amalgamation of 
Gondwana (Asmerom et al., 1991; Shields, 2007; Cordani et al., 2020) or 
to protracted effects of Rodinia break-up (Halverson et al., 2007). The 
data obtained here for the Corumbá Group reveals two distinct patterns 
of Sr isotopes. Firstly, in the Bocaina Formation, the 87Sr/86Sr values are 
consistent around 0.7100 and increase to 0.7118 close to the contact 
with the Tamengo Formation. Secondly, in the Tamengo Formation, the 
87Sr/86Sr values drop from ca. 0.7090 to 0.7085 (Fig. 5).

It is noteworthy that all samples from the Bocaina Formation 
correspond to Sr-depleted dolostones, with Sr concentrations lower than 
85 mg/kg. Similarly, dolomitic limestone samples from the lowermost 
Tamengo Formation that exhibit high 87Sr/86Sr values also present low 
Sr concentrations, usually lower than 300 mg/kg. Significant negative 
correlations were obtained between 87Sr/86Sr and Sr concentrations 
(exponential) and Mg/Ca (linear) (Fig. 8a and b), which further supports 
that the radiogenic 87Sr/86Sr signal was obtained exclusively from Sr- 
depleted dolostones and dolomitic limestones. These Sr-poor rocks are 
more susceptible to diagenetic 87Sr/86Sr overprint. A tentative cutoff 
value of [Sr] = 250 mg/kg has been applied in previous studies as a 
threshold between altered and unaltered samples (Halverson et al., 
2007). Our data show a sharp increase of 87Sr/86Sr in samples with Sr 

Fig. 8. Plots of Sr (a), Mg/Ca (b), δ13C (c), Mn/Sr (d), Fe/Sr (e), and δ18O (f) versus 87Sr/86Sr for the studied samples. Carbon and oxygen isotope data are from 
Fernandes et al. (2025b). The blue field denotes the assumed late Ediacaran seawater 87Sr/86Sr range.
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abundances below 400 mg/kg, so we applied this value as cutoff 
(Fig. 8a). Therefore, in the case of the Bocaina Formation, the Sr isotope 
composition has been completely overprinted during post-depositional 
diagenesis and does not provide information regarding the connected
ness of the basin with the open ocean.

In contrast, the 87Sr/86Sr values in the Tamengo Formation decrease 
down to 0.7085, precisely the late Ediacaran seawater ratio, which in
dicates complete Sr exchange between basin and open ocean. Values 
around 0.7085 have also been reported for the Tamengo Formation from 
the Laginha and Saladeiro sections, in Corumbá, and from the Horii 
section, in the Serra da Bodoquena area (Babinski et al., 2008; Boggiani 
et al., 2010), showing that this signal is ubiquitous in this unit. Inter
estingly, a negative exponential correlation has been observed between 
87Sr/86Sr and δ13C for samples from the Tamengo Formation (Fig. 8c), 
which possibly suggests that the short-lived negative δ13C excursion at 
the base of this unit may have a diagenetic origin. Significant correla
tions were also observed between 87Sr/86Sr and Fe/Sr, Mn/Sr, and δ18O, 
further indicating this diagenetic origin of the highest 87Sr/86Sr values 
(Fig. 8d–f).

7.5. Assessing the detrital and diagenetic influence on the Cr-Cd isotope 
record

Verifying the contribution of detrital Cr on the isotope data is vital to 
correct the obtained δ53Crraw values and calculate the true authigenic 
signatures. The correction for detrital Cr in carbonate samples is per
formed via a four-step algorithm (Gilleaudeau et al., 2016; Rodler et al., 
2016; Klaebe et al., 2021), which compares the Cr and Al concentrations 
of the sample with those of PAAS (McLennan, 1989). In this algorithm, it 
is assumed that the detrital chromium isotope composition (δ53Crdet) is 
− 0.12 ± 0.10 ‰, as this is the isotope composition of igneous and 
metamorphic rocks (Schoenberg et al., 2008), or Bulk Silicate Earth 

(BSE). The algorithm is: 

[Cr]det = [Cr]PAAS ×
(
[Al]sample

/
[Al]PAAS

)
(5) 

fdet = [Cr]det/[Cr]sample (6) 

fauth = 1 − fdet (7) 

δ53Crauth =
(
δ53Crraw − δ53Crdet × fdet

)/
fauth (8) 

where fdet and fauth are the fraction of detrital and authigenic Cr in the 
sample, respectively. Importantly, we considered [Cr]PAAS to be 55 mg/ 
kg, half of the value reported by McLennan (1989), as its concentration 
appears to be overestimated in its reference for detrital siliciclastic 
component corrections, which otherwise sometimes result in a fraction 
of detrital Cr above 100 %. In Eq. (8), the δ53Crraw is the measured Cr 
isotope composition and the δ53Crauth is the authigenic Cr isotope 
composition that is used for paleoenvironmental interpretations. Sam
ples with high Al concentrations or with high fdet present δ53Crraw in the 
range of δ53Crdet (Fig. 9). Therefore, in these samples, the detrital Cr 
predominated in the isotope composition, resulting in greater deviations 
of the δ53Crauth compared to the δ53Crraw. Fortunately, only two samples 
yielded more than 40 % of detrital Cr, indicating a relatively pure 
dataset with respect to detrital Cr influence.

The same algorithm applied for Cd revealed negligible amounts of 
detrital Cd ([Cd]det), which is expected for carbonates (Frederiksen 
et al., 2022a). In this case, as Cd is not reported for PAAS, we used the Cd 
concentration of average loess (0.12 mg/kg) and the Cd isotope 
composition of BSE (δ114Cddet) of − 0.06 ± 0.03 ‰ (Pickard et al., 2022). 
Only one sample yielded fdet above 5 %. Intriguingly, a weak correlation 
was obtained for Al versus δ114Cdraw (Fig. 9), and samples with higher Al 
and fdet present δ114Cdraw values below that of BSE, which suggests that 

Fig. 9. Cross-plots of Al and fraction of detrital Cr (fdet) versus δ53Crraw. The gray areas correspond to the range of Bulk Silicate Earth δ53Cr (Schoenberg et al., 2008) 
and δ114Cd (Pickard et al., 2022).
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Cd isotope composition roughly correlates with detrital input in the 
basin, but the Cd isotope measurements was not significantly influenced 
by detrital contaminants.

The diagenetic effects on the geochemical signature of cores 3A and 
3B, as indicated by element ratios and C and O isotope signature, are 
minimal, with an overall preservation of the primary δ13Ccarb signal, 
apart from samples close to the Bocaina-Tamengo limit (Fernandes et al., 
2025b). Mn/Sr ratios are relatively low (<2) in most samples, with 
higher values in the Bocaina Formation compared to the Tamengo 
Formation (Fig. 3). This difference probably reflects a variation in 
mineralogy, considering that dolomites are typically Sr-depleted 
compared to co-occurring calcites or aragonites (Swart, 2015), which 
can generate relatively high Mn/Sr ratios unrelated to diagenetic al
terations. Furthermore, no significant correlation was obtained between 
Mn/Sr and δ53Crauth or δ114Cdauth (Fig. 10). Similarly, no correlation was 
observed between these proxies and δ18Ocarb, presented by Fernandes 
et al. (2025b), which is typically considered to be altered in Precambrian 
rocks.

7.6. δ53Cr variations and redox shifts in the Corumbá basin

Considering that shortly after 800 Ma or earlier the atmosphere ox
ygen levels reached 0.5 % PAL or perhaps more (Och and Shields-Zhou, 
2012; Alcott et al., 2019; Williams, et al., 2019; Zhang et al., 2021), 
enough to promote wide oxidation of Cr(III) to Cr(VI) in soils (Frei et al., 
2009; Frei et al., 2014; Frei et al., 2017; Daines et al., 2017; Gilleaudeau 
et al., 2016; Canfield et al., 2018), a positive δ53Crauth signal in marine 
sedimentary archives younger than 800 Ma is expected. Even so, several 
Ediacaran archives present low δ53Crauth values, indicating dynamic 
redox conditions and complex processes controlling Cr isotopic frac
tionation (e.g. Frei et al., 2013; Frank et al., 2019; Wei et al., 2020; 2018; 
Xu et al., 2022; He et al., 2023). The δ53Crauth data obtained herein for 
the Corumbá Group show two distinct patterns: first, a rather homoge
neous distribution within the range of BSE in the Bocaina Formation, 
and second, positive values around +0.4 ‰ with short-lived negative 
excursions (e1 and e2) in the Tamengo Formation.

In modern redox-stratified lakes, often regarded as Proterozoic- 
analogues, Fe-Mn oxyhydroxides, formed above the redoxcline, non- 
quantitatively uptake Cr. This results in an isotopic shift from posi
tively fractionated δ53Cr values towards lower, BSE-like values for the 
authigenic particulate Cr (Janssen et al., 2022). Indeed, Fe is a well- 
known Cr reductant and can significantly remove Cr(VI) from solu
tion, leading to substantial isotope fractionation (Døssing et al., 2011; 
Joe-Wong et al., 2021). Below the redoxcline, these oxyhydroxides un
dergo reduction, releasing Fe, Mn, and Cr into deep waters (Janssen 
et al., 2022). As a result, sediments may potentially exhibit δ53Cr in the 
range of BSE despite being formed under a water column with positive 
δ53Cr above the redoxcline. Given the redox-stratified water column 
attributed to the Bocaina Formation, we propose that a similar mecha
nism may have operated during the deposition of this unit. Therefore, a 
relatively shallow redoxcline would have promoted deposition of 
shallow-water carbonates with Cr isotope compositions falling within 
the range of BSE.

In contrast, samples from the Tamengo Formation, excluding those 
from intervals e1 and e2, yielded positive δ53Crauth values around +0.4 
‰, in agreement with the range of modern seawater, riverine input, and 
other late Ediacaran shallow-water carbonate sequences (e.g., Caxito 
et al., 2018; Wei et al., 2020), which points to incorporation of land- 
derived heavy Cr isotope signatures into the carbonate minerals. As 
the Tamengo Formation also represents a redox-stratified setting 
(Spangenberg et al., 2014; Caxito et al., 2024; Fernandes et al., 2024), it 
probably had a deeper redoxcline, with a considerably wider shallow 
platform environment in which the above-mentioned Fe-Mn shuttle 
would likely not have operated in the depositional locus of cores 3A and 
3B, which further supports the interpretation drawn from elemental 
proxies. This increased seater oxygenation was potentially driven by 

enhanced circulation and oceanic ventilation during transgression, 
allowing for further water column mixing (Duda et al., 2014).

Intervals e1 and e2 correspond to negative δ53Crauth excursions in the 
Tamengo Formation, with a shift to BSE values. These intervals also 
present high Al, Fe, and Th/U ratios, as well as low UEF and VEF, indi
cating ferruginous conditions and enhanced detrital input, despite no 
pronounced changes in lithology. A pronounced increase in Fe delivery 
would significantly enhance Cr(VI) reduction by both Fe(II)aq and Fe 
(II)/Fe(III)particulate in the basin. Non-quantitative Cr reduction often 
causes δ53Crauth in sediments to decrease toward the range of BSE (Bauer 
et al., 2018). Furthermore, once anoxic conditions reached shallow 
areas, the Fe-Mn shuttle would once again operate, potentially driving 
the δ53Cr back to BSE values. This hypothesis also explains the peaks in 
Al and Fe throughout the e-intervals.

These two episodes of anomalous Fe-delivery into the Corumbá Basin 
may have been caused by changes in exposed weathering source on land. 
Banded iron formations (BIFs) from the Cryogenian Jacadigo Group 
occur spatially close to the Corumbá Group, and weathering of these 
units may have substantially enhanced Fe transport into the Corumbá 
Basin. As the Jacadigo BIFs have a relatively narrow and well-known 
δ53Cr range around +1.00 ‰ (Árting et al., 2023; Frei et al., 2024), it 
is possible to estimate the operating fractionation factor during Cr 
reduction in intervals e1/e2 by subtracting this value from the minimum 
δ53Crauth value during these excursions, which is − 0.19 ‰. The so- 
estimated fractionation factor is 1.2 ‰, which agrees with the effec
tive fractionation factor relative to Cr reduction by Fe(II) of 1.1 ± 0.2 ‰ 
(Bauer et al., 2018). In summary, the Cr isotope record in the Corumbá 
Basin tracks changes in the extent of shallow water oxygenated area, 
revealing dynamic redox conditions in time.

7.7. Reconstruction of paleo-seawater δ114Cd and primary productivity 
levels in the Corumbá basin

Experimental investigations have demonstrated that the incorpora
tion of Cd during marine calcite formation results in an isotope offset 
(Δ114Cdcarb-sw) of 0.45 ± 0.12 ‰ (Horner et al., 2011) that must be 
considered when reconstructing past seawater Cd isotope composition 
(δ114Cdsw). A recent study showed that this deviation can be applied to 
modern carbonates to reconstruct present-day surface seawater δ114Cd 
of the Atlantic Ocean (Frederiksen et al., 2022a). Thus, it is possible to 
obtain δ114Cdsw by applying the following relation: 

δ114Cdsw = δ114Cdraw +Δ114Cdcarb− sw (10) 

The samples from the Corumbá Group yield a wide range of δ114Cdsw, 
from − 0.23 to + 0.69 ‰ (Fig. 11). In the Bocaina Formation, δ114Cdsw 
are relatively low in the transgressive systems tract and increase during 
the highstand systems tract (Fig. 5), suggesting that the vertical profile 
of seawater δ114Cd was somewhat similar to the modern oceans, with 
productive surface waters (δ114Cdsw = ~0.7 ‰) and unproductive deep 
waters (δ114Cdsw = ~0.2 ‰). Furthermore, relatively high Cd concen
trations, above 0.05 mg/kg, were only obtained in samples with high 
δ114Cd at the highstand systems tract of the Bocaina Formation, while 
the rest of the samples presented low [Cd], usually below 0.02 mg/kg, 
reinforcing this overall low productivity scenario in the transgressive 
systems tract (Fig. 5).

In the Tamengo Formation, most δ114Cdsw values are compatible 
with modern deep ocean δ114Cd, suggesting overall low bioproductivity 
in the Corumbá Basin after 550 Ma. The lowermost values, that occur in 
intervals e1 and e2, are lower than the modern deep ocean and Bulk 
Silicate Earth (BSE) δ114Cd ranges (Fig. 11). Intriguingly, these intervals 
display relatively high P, otherwise suggesting pronounced bio
productivity levels, which apparently contrasts with the Cd isotope re
sults. Therefore, a more complex mechanism controlling the seawater 
Cd isotope composition in the Tamengo Formation during the e-excur
sions needs to be envisaged, as we explore below.
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Fig. 10. Cross-plots of δ53Crauth and δ114Cdauth versus Fe, δ13C, δ18O, and Mn/Sr. Carbon and oxygen isotope data are from Fernandes et al. (2025b). Gray vertical 
fields denote the range of BSE δ53Cr (Schoenberg et al., 2008) and δ114Cd (Pickard et al., 2022). Only the plot in (e), relative to the Tamengo Formation, yielded 
significant correlation (i.e., p < α = 0.01).
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In modern surface oceans, δ114Cdsw values are high due to prefer
ential uptake of 110Cd relative to 114Cd by phytoplankton (Abouchami 
et al., 2011). However, if the demand for Cd exceeds the supply of it, 
phytoplankton cannot be selective, and Cd isotopes remain unfractio
nated within the organic cell relative to the average seawater compo
sition (Druce et al., 2022). We propose that phytoplankton blooms under 
eutrophic conditions caused the overall low δ114Cdsw during e1 and e2. 
These eutrophication stages may have been caused by episodes of 
increased BIF weathering, as discussed previously, which could have 
fertilized the basin with Fe and other bio-essential elements. Indeed, 
studies demonstrate that the addition of micronutrients such as Fe, Co, 
and Zn significantly fuel microbial productivity in different trophic 
states (Dixon, 2008; Downs et al., 2008; Stoll et al., 2024). In our sam
ples, Fe abundances significantly correlate with δ114Cd (Fig. 9 and 
Fig. 11). Further, the input of isotopically light Cd into the basin would 
also have been higher, as BIFs from the Jacadigo Group have shown to 
be characterized by δ114Cd from − 0.23 to +0.01 ‰ (Frei et al., 2024), 
significantly lower than BSE values. The lowermost δ114Cd values during 
the e-intervals fall within this range. The hypothetical scenario outlined 
above agrees with the expanded anoxia implied by paleoredox proxies in 
intervals e1 and e2. Notably, the e1 and e2 intervals also present an 
anomalous abundance of some acritarch microfossils from the genera 
Leiosphaeridia and Germinosphaera compared to under- and overlying 
strata, as shown by biostratigraphic data in Fernandes et al. (2025b). 
This observation may further support a profusion of photosynthetic or
ganisms under eutrophic conditions. Interestingly, two coeval eutrophic 
intervals were previously attributed to the Tamengo Formation based on 
organic carbon and nitrogen isotope analyses in the Laginha section 
(Spangenberg et al., 2014). The detailed correlation of these intervals 
with the e-excursions are presented in the Supplementary Data (Fig. S1).

Our Cd isotope record for the Tamengo Formation (outside e1 and 
e2) is similar to the δ114Cd record in the intra-shelf setting of the coeval 
late Ediacaran Dengying Formation (Yangtze Platform; Hohl et al., 
2017; Frederiksen et al., 2022b), where water column mixing sustained 
a deeper redoxcline, enabled nutrient redistribution, and reduced pro
ductivity levels (Bowyer et al., 2017). In contrast, other studies, based 
on nitrogen and paired carbon isotopes, point to high productivity levels 
in the Ediacaran, particularly in basins influenced by strong upwelling 
(Gao et al., 2020; Ansari et al., 2023). Considering these local 

differences, it is safe to assume that local circulation and hydrodynamics 
impacted the extent of primary productivity in late Ediacaran basins, but 
under an overall low productivity scenario (Sperling and Stockey, 
2018).

Furthermore, there is no significant correlation between δ114Cd and 
δ13Ccarb (Fig. 10), which suggests that the carbon isotope record should 
not simply be explained by changes in primary productivity. Rather, it is 
probably a result of a complex interplay between productivity and 
organic matter preservation, which is in turn controlled by global-scale 
sea-level variations and water column redox conditions (Bowyer et al., 
2024; Fernandes et al., 2025b). This hypothesis is further supported by 
the lack of a clear relationship between δ114Cd and δ13Ccarb in other 
geologic settings and time periods (e.g., Frederiksen et al., 2024).

7.8. Paleoceanographic constraints in the Corumbá basin and 
implications for early animals’ habitats

The data presented herein coupled with redox data compilation for 
the Corumbá Group (see Supplementary Data, Fig. S2 and Table S3) 
allows for the identification of two stages on the late Ediacaran car
bonate sedimentation in the Corumbá Basin with respect to seawater 
circulation, redox setting, and trophic regime (Fig. 12). Firstly, the 
Bocaina Formation (ca. 565 –555 Ma) represents an oligotrophic, 
strongly redox-stratified basin, and with a very shallow redoxcline 
(Fig. 12a). Surface waters were characterized by modern-like high bio
productivity, while slightly deeper waters lacked significant primary 
production. In the reef setting, upwelling currents may have transported 
nutrients from bottom waters to lower depths, boosting bioproductivity 
and ultimately causing the deposition of extensive phosphorite layers 
within the reef rim (Hippertt et al., 2023; 2024). Unfortunately, our Sr 
isotope data was unconclusive regarding the connection of the Bocaina 
Formation with the open ocean. Secondly, the Tamengo Formation (ca. 
550–540 Ma) represents a basin connected with the open ocean, pre
senting pronounced seawater circulation, and with a deeper and more 
dynamic redoxcline. During deposition of the Tamengo Formation sed
iments, ventilation and downwelling carried O2-rich surface waters to
wards lower depths, increasing the oxygenated water volume of the 
basin under an oligotrophic regime (Fig. 12b), but still with anoxic 
bottom waters (Caxito et al., 2024). This scenario sporadically then may 
have changed due to episodes of high Fe-input (e-excursions), probably 
caused by weathering of the BIFs of the Jacadigo Group nearby (Fig. 1), 
which likely enhanced nutrient delivery into the basin and potentially 
fueled primary production (Fig. 12c).

The Bocaina and Tamengo formations also differ greatly with respect 
to their fossil content (Fig. 13 and compilation in the Supplementary 
Data, Fig. S2 and Table S4). The Bocaina Formation hosts a diverse 
assemblage of acantomorphic acritarchs (Gaucher et al., 2003; Morais 
et al., 2021) attributable to the Ediacaran Complex Acanthomorph 
Palynoflora, (ECAP; Grey et al., 2003; Grey, 2005) and putative meta
zoan micro-shells (Morais et al., 2024). In contrast, the microfossil 
content in the Tamengo Formation is less diverse yet more abundant 
(Morais et al., 2021; Fernandes et al., 2025b), with acritarchs attribut
able to the Late Ediacaran Leiosphere Palynoflora (LELP; Gaucher and 
Sprechmann, 2009). Occurrences of metazoan macrofossils are 
restricted to the Tamengo Formation, namely Cloudina sp., Corumbella 
werneri, and Paraconularia ediacara (e.g., Pacheco et al., 2018; Amorim 
et al., 2020; Leme et al., 2022; Osés et al., 2022; Afonso et al., 2024), 
while macrofossils are absent in the underlying Bocaina Formation. 
These differences in paleontological content between both units may be 
related to their distinct paleoceanographic scenario.

Several lines of evidence indicate that late Ediacaran communities 
were concentrated in shallow, high-energy, and dynamic environments 
that often experienced disturbances (Gehling and Droser, 2013; Meyer 
et al., 2014; Droser et al., 2017; Tarhan et al., 2018). This environmental 
preference is tightly linked to oxygen availability and exerted major 
controls on determining late Ediacaran metazoan distribution and even 

Fig. 11. Plot of Fe versus δ114Cdsw for samples from the Corumbá Group. 
Ranges of Bulk Silicate Earth (BSE) (Pickard et al., 2022), modern deep ocean, 
modern surface ocean (Sieber et al., 2023), and banded iron formations from 
the Jacadigo Group (Frei et al., 2024) δ114Cd are indicated for comparison. 
Samples from the e-excursions present high Fe abundances and the lowest 
δ114Cdsw values.
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shaping these early animals’ morphology (Bowyer et al., 2017; Droser 
et al., 2017; Evans et al., 2018). In the macrofossil-bearing Tamengo 
Formation, broad seawater circulation, water column mixing, and 
relatively low productivity levels for most of its depositional period led 
to surface water oxia under oligotrophic conditions, which became near- 
optimal habitats for early metazoans (except for intervals e1/e2, when 
eutrophication caused expanded anoxia). In contrast, low-oxygenated 
shallow basin waters prevailed during the deposition of the Bocaina 
Formation, which led to a predominantly anoxic environment and may 
partially explain the absence of animal macrofossils in this unit. 
Furthermore, within the Tamengo Formation, most Cloudina-bearing 
intervals reported by Fernandes et al. (2025b) from cores 3A and 3B are 
located outside e1 and e2, which may indicate that these eutrophic and 

ferruginous intervals were less ideal for Cloudina colonization and/or 
preservation.

Previous research points to elevated extinction rates during the 
White Sea–Nama transition (~550 Ma), likely driven by significant 
paleoenvironmental changes (Evans et al., 2022; Bowyer et al., 2024). 
Increasing marine anoxia is commonly invoked as the primary extinc
tion driver during this interval. However, our results, along with pre
vious studies (e.g., Bowyer et al., 2017; Liu et al., 2024), highlight that 
this final Ediacaran radiation occurred under both fluctuating redox 
conditions and in nutrient-limited settings. Specifically, the presence of 
an oligotrophic, food-limited environment in the Corumbá Basin, 
consistent with global patterns observed in the terminal Ediacaran 
oceans (Sperling and Stockey, 2018), suggests that both local redox 

Fig. 12. Conceptual model of the operating REY (schematic PAAS-normalized diagrams), and Sr-Cr-Cd isotope systems during the deposition of the Bocaina (a) and 
Tamengo (b and c) formations. The yellow vertical arrow indicates the approximate location of cores 3A and 3B. In (a) and (b), the input value of δ53Cr is the modern 
riverine average (D’Arcy et al., 2017) and the input δ114Cd is the BSE value (Pickard et al., 2022). In (c), the input δ53Cr and δ114Cd values are the average values 
obtained from the Jacadigo BIFs (Árting et al., 2023; Frei et al., 2024). Note that widespread colonization of animals occurs only during (b), when oxygenated 
shallow water volumes are larger due to optimal circulation, productivity, and redox dynamics.
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instability and widespread nutrient scarcity likely played critical roles in 
shaping the end-Ediacaran biosphere.

8. Conclusions

From the new elemental and isotope data presented herein for the 
late Ediacaran Corumbá Group, we draw the following conclusions: 

(i) The REY patterns of the studied samples are compatible with 
early diagenetic REY remobilization in an anoxic pore water 
environment for both the Bocaina and Tamengo formations.

(ii) Elemental proxies point to relatively anoxic conditions in the 
Bocaina Formation and expanded oxia in surface waters of the 
Tamengo Formation, apart from intervals e1 and e2, when 
banded iron formation (BIF) weathering increased anoxia and 
boosted primary productivity.

(iii) The strontium isotope signature was completely overprinted 
during post-depositional diagenesis in the Bocaina Formation. In 
the Tamengo Formation, the 86Sr/87Sr values are consistent with 
the global seawater curve, revealing a hydrographic setting 
connected with the open ocean.

(iv) Chromium isotopes indicate redox shifts in the Corumbá Basin. 
The Bocaina Formation sustained predominantly anoxic condi
tions, while the overlying Tamengo Formation presents more 
oxygenated conditions, with a deeper redoxcline and water col
umn mixing. The water column shifted back to predominantly 
anoxic during intervals e1 and e2.

(v) The cadmium isotope composition of the Bocaina Formation re
veals productive surface waters and unproductive slightly deep 
waters. In the Tamengo Formation, the Cd isotope record points 
to overall low productivity levels. During intervals e1 and e2, 
δ114Cdsw values below BSE may indicate eutrophic conditions 
caused by high nutrient input during BIF weathering.

(vi) Similar to modern oceanographic dynamics, an intricate 
circulation-redox-productivity interplay controlled the extent of 

oxygenated shallow waters, which limited available benthic 
habitats for early animals in the late Ediacaran.
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and provenance of the Cuiabá Group, northern Paraguay Belt, Brazil. J. S. Am. Earth 
Sci. 85, 6–42. https://doi.org/10.1016/j.jsames.2018.04.009.

Basu, A., Johnson, T.M., Sanford, R.A., 2014. Cr isotope fractionation factors for Cr(VI) 
reduction by a metabolically diverse group of bacteria. Geochim. Cosmochim. Acta 
142, 349–361. https://doi.org/10.1016/j.gca.2014.07.024.

Bau, M., Koschinsky, A., 2009. Oxidative scavenging of cerium on hydrous Fe oxide: 
evidence from the distribution of rare earth elements and yttrium between Fe oxides 
and Mn oxides in hydrogenetic ferromanganese crusts. Geochem. J. 43 (1), 37–47. 
https://doi.org/10.2343/geochemj.1.0005.

Bauer, K.W., Gueguen, B., Cole, D.B., Francois, R., Kallmeyer, J., Planavsky, N., Crowe, S. 
A., 2018. Chromium isotope fractionation in ferruginous sediments. Geochim. 
Cosmochim. Acta 223, 198–215. https://doi.org/10.1016/j.gca.2017.10.034.

Becker-Kerber, B., Elmola, A.A., Zhuravlev, A., Gaucher, C., Simões, M.G., Prado, G.M.E. 
M., Vintaned, J.A.G., Fontaine, C., Lino, L.M., Sanchez, D.F., Galante, D., Paim, P.S. 
G., Callefo, F., Kerber, G., Meunier, A., El Albani, A., 2022. Clay templates in 
Ediacaran vendotaeniaceans: implications for the taphonomy of carbonaceous 
fossils. Geol. Soc. Am. Bull. 134, 1334–1346. https://doi.org/10.1130/B36033.1.

Berger, A., Frei, R., 2014. The fate of chromium during tropical weathering: a laterite 
profile from central madagascar. Geoderma 213, 521–532. https://doi.org/10.1016/ 
j.geoderma.2013.09.004.

Berkner, L.V., Marshall, L.C., 1965. On the origin and rise of oxygen concentrations in 
the earth’s atmosphere. J. Atmos. Sci. 22 (3), 225–261. https://doi.org/10.1175/ 
1520-0469(1965)022<0225:OTOARO>2.0.CO;2.

Boggiani, P.C., 1998. Análise Estratigrafica da Bacia Corumbá (Neoproterozóico) - Mato 
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formation (Corumbá Group, Brazil). J. s. Am. Earth Sci. 133, 104696. https://doi. 
org/10.1016/j.jsames.2023.104696.

Frank, A.B., Klaebe, R.M., Frei, R., 2019. Fractionation Behavior of Chromium Isotopes 
during the Sorption of Cr (VI) on Kaolin and its Implications for using Black Shales as 
a Paleoredox Archive. Geochem. Geophys. Geosyst. 20, 2290–2302. https://doi.org/ 
10.1029/2019gc008284.
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