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ABSTRACT

The Chapada Diamantina region in the São Francisco craton of eastern Brazil is composed 

of sedimentary successions containing both Mesoproterozoic and Neoproterozoic carbon-

ate levels, making it a key natural laboratory for understanding the �uctuations of Earth’s 

biogeochemical cycles during its middle age. The ca. 1.4–1.2 Ga Caboclo Formation stro-

matolites yielded unfractionated δ53Crauth (authigenic) (∼−0.54‰ to +0.08‰). Ediacaran cap 

carbonates and phosphatic stromatolites of the Salitre Formation, on the other hand, yielded 

fractionated δ53Crauth reaching as high as +0.51‰, suggesting the input of 53Cr-rich Cr(VI), 

�rst delivered through meltwater-induced post–snowball Earth �uctuating redox conditions 

and then through weathering and mobilization under a fully oxygenated environment. The 

acquired data set highlights the very distinct redox conditions throughout the Proterozoic and 

reinforces the suggestion that after the Cryogenian global glaciations, Earth’s atmosphere and 

hydrosphere became progressively oxygenated during the Ediacaran-Cambrian transition.

INTRODUCTION

Multiple sedimentary, isotopic, and geo-
chemical proxies suggest that Earth’s atmo-
spheric oxygen levels evolved through putative 
steps from an original anoxic Archean atmo-
sphere, �rst during the Great Oxidation Event 
at ca. 2.4 Ga and then through a new protracted 
rise during the late Ediacaran, followed by 
the explosive diversi�cation of complex life 
during the Precambrian-Cambrian transition 
(e.g., Lyons et al., 2014). The study of ancient 
chemical sedimentary rocks can provide useful 
insights on how Earth’s biogeochemical cycles, 
paleogeographic and paleotectonic settings, and 
atmospheric and oceanic chemical conditions 
evolved and interacted with each other dur-
ing the oxygenation events in the history of 
the planet and also during the dormant stages 

between those major putative steps. In this sce-
nario, chromium isotopes emerged as a powerful 
tool for unraveling ancient atmospheric redox 
conditions because the Cr(VI) species, which is 
mobile under oxygenated weathering in reac-
tions catalyzed by the presence of manganese 
oxides, is enriched in the 53Cr isotope compared 
to the immobile Cr(III) species (Frei et al., 2011, 
2009; Planavsky et al., 2014; Cole et al., 2016; 
Gilleaudeau et al., 2016; Can�eld et al., 2018).

The Chapada Diamantina region in the São 
Francisco craton of eastern Brazil (Fig. 1) is an 
ideal place to unravel Proterozoic biogeochemi-
cal patterns because it is composed of shallow 
marine and continental rift-sag sedimentary suc-
cessions containing both Mesoproterozoic (the 
ca. 1.4–1.2 Ga Caboclo Formation; Figs. 2A–
2D) and Neoproterozoic (the Ediacaran phos-

phate-bearing Salitre Formation covering the 
Bebedouro Formation diamictites; Figs. 2E–2I) 
carbonate levels that can act as faithful record-
ers of seawater chemistry during precipitation 
(Frei et al., 2011). We investigate the Cr iso-
tope signatures of those rocks along with novel 
trace element, Sr, C, and O isotope data (see the 
Supplemental Material1).

GEOLOGICAL SETTING

The São Francisco craton of eastern Brazil 
(Fig. 1) and its African counterpart, the Congo 
craton, consist of Archean nuclei bounded by 
Proterozoic orogenic belts (Heilbron et  al., 
2017). The main orogenic phase, at ca. 2.0–
2.2 Ga, generated the major cratonic landmass 
and was followed by installation of widespread 
rift-sag basins (Guadagnin and Chemale, 2015).

The Chapada Diamantina Group was depos-
ited in the central portion of the São Francisco 
craton ca. 1.8 to ca. 1.0 Ga, comprising a pre-
dominantly siliciclastic succession with conti-
nental and shallow marine sediments, in addi-
tion to felsic volcanics and volcaniclastics (e.g., 
Guadagnin and Chemale, 2015). One of the most 
important shallow marine levels within this pack-
age is the mixed siliciclastic-carbonate Caboclo 
Formation, representing a transgression over the 
continental Tombador Formation (Fig. 1). The 
latter contains crystal tuffs dated at ca. 1.4 Ga 
(Guadagnin et al., 2015), and both units con-
tain youngest detrital zircons in the same age 

1Supplemental Material. Materials and methods, Table S1 (isotope data), and Table S2 (trace element data). Please visit https://doi .org /10 .1130 /GEOL.S.21391212 
to access the supplemental material, and contact editing@geosociety .org with any questions.
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range (Guadagnin and Chemale, 2015). A Pb-Pb 
whole-rock isochron of 1140 ± 140 Ma on car-
bonate samples (Babinski et al., 1993) is, despite 
the high uncertainty and the caveats of interpre-
tation of Pb-Pb whole-rock isochrons (which 
might be reset by post-depositional �uid per-
colation and/or incorporate Pb from basement-
derived �uids), the only available minimum age 
constraint for the Caboclo Formation.

Stratigraphy and sedimentology of the 
Cristal cave, studied in this work, was detailed 
by Ferronatto et al. (2021). According to the 
authors, the site preserves offshore to shoreface 
facies, with carbonate-siliciclastic sediments 

and stromatolites occurring in all lithofacies 
associations. A low-gradient ramp dominated 
by normal and storm waves was proposed, with 
the absence of mud and predators allowing for 
widespread colonization by microbial communi-
ties in both shallow and deeper-water settings.

The top of the Chapada Diamantina Group is 
truncated by an erosional unconformity, above 
which glacial diamictites and related facies 
containing dropstones and striated clasts of the 
Bebedouro Formation were deposited (Gui-
marães et al., 2011), with youngest detrital zir-
cons at ca. 874 Ma (Figueiredo et al., 2009). 
Atop the Bebedouro Formation, the Salitre 

Formation comprises a typical Neoproterozoic 
cap carbonate succession. Basal mudstones pre-
serving negatively fractionated δ13C ∼−4.0‰ 
(all values relative to Vienna Peedee belem-
nite) are followed by domal and elongate digi-
tate stromatolites, associated with economically 
important phosphatic cements and intraclasts, 
deposited in an energetic shallow platform envi-
ronment with wave-swept microbial buildups 
(Misi and Veizer, 1998; Sanders and Grotzinger, 
2021; Santana et al., 2021), with δ13C ∼0‰. 
Those are capped, ∼300 m upsection, by dark, 
organic-rich oolitic limestone with δ13C ∼+9‰. 
The Bebedouro and Salitre Formations compose 
the Una Group.

Santana et  al. (2021) recovered detrital 
zircons with a younger peak at 669 ± 14 Ma 
from putative tuf�te beds within carbonates 
bearing δ13C ∼0‰ just above the cap carbon-
ate. Although the authors interpreted the cap 
carbonate and associated glacial deposits as 
related to the mid-Cryogenian (717–660 Ma) 
Sturtian glaciation, the detrital zircon content 
is more coherently interpreted as indicating 
deposition during the Marinoan deglaciation, 
whose maximum onset time is constrained to ca. 
657.17 ± 0.78 Ma, based on the U-Pb chemi-
cal abrasion–isotope dilution–thermal ionization 
mass spectrometry (CA-ID-TIMS) age of devit-
ri�ed airfall ash deposits just below the Nantuo 
glacial deposits in China (Rooney et al., 2020). 
Interpretation of the Salitre Formation cap car-
bonate as related to the global post-Marinoan, 
early Ediacaran deglacial stage at ca. 635 Ma is 
followed by Misi and Veizer (1998) and Sanders 
and Grotzinger (2021). The latter compared the 
phosphorite deposits in the Salitre Formation 
and the Sete Lagoas Formation of the Ediacaran-
Cambrian Bambuí Group on the southern São 
Francisco craton. The base of the Sete Lagoas 
Formation is marked by a cap carbonate suc-
cession of the Pedro Leopoldo Member. Ex-
aragonite crystal fans preserved in limestone 
tens of meters above the basal cap dolostone 
yielded U-Pb laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICPMS) ages 
of 615–608 Ma (Caxito et al., 2021).

An age span between 635 and 600 Ma for 
deposition of the cap carbonate succession is 
coherent with data from other successions, 
as illustrated by sensitive high-resolution ion 
microprobe (SHRIMP) and CA-ID-TIMS tuff 
U-Pb dates of 614 ± 8 Ma (Liu et al., 2009) and 
612.5 ± 0.9 Ma (Yang et al., 2021), respectively, 
∼20 and 40 m above the base of the Doushan-
tuo Formation in platformal settings of South 
China, interleaved in carbonates within the 
negative δ13C excursion associated with the 
post-Marinoan excursion. These data suggest 
that while deposition of the basal cap dolostone 
was probably fast ca. 635 Ma, as bracketed by 
several CA-ID-TIMS U-Pb zircon data from ash 
fall tuffs (Hoffmann et al., 2004; Condon et al., 
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Figure 1. Chapada Diamantina region, eastern Brazil, in context of Gondwana (A) and São 
Francisco craton (B), with schematic map (C) and stratigraphic section (D) showing location 
of studied sections (red stars). Fm.—Formation; Gr.—Group; gran.—granule.
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2005; Calver et al., 2013; Prave et al., 2016) as 
well as Re-Os data (Rooney et al., 2015) from 
various glacially related units worldwide, depo-
sition of the aragonite fan–bearing limestone 
above it could have spanned tens of millions 
of years.

The Salitre Formation presents 87Sr/86Sr and 
δ13C data sets identical to those of the Bambuí 

Group (Caxito et al., 2021). A sharp peak in 
87Sr/86Sr in the basal negative-δ13C, high-[Sr], 
and relatively high-δ18O (mostly −5‰ to −6‰) 
limestones, from ∼0.7078 to 0.7084 (Misi and 
Veizer, 1998; Caxito et al., 2021), is similar to 
that of other post-Marinoan cap carbonates glob-
ally and probably registers enhanced continental 
weathering due to high pCO2 in the aftermath 

of the end-Cryogenian glaciation (Halverson 
et al., 2007).

Upsection, in both the Bambuí and Una 
Groups, 87Sr/86Sr values progressively decrease, 
reaching ∼0.7075 in the terminal blackish lime-
stones that preserve (in other sections of the Sali-
tre Formation, not studied here) highly positive 
δ13C (Misi and Veizer, 1998). The decoupling of 
δ13C and 87Sr/86Sr values from the global seawa-
ter curve in the middle to upper portion of both 
units is interpreted as due to basin restriction in 
the late Ediacaran to Cambrian as the São Fran-
cisco craton became progressively surrounded 
by the Brasiliano mountain belts that were the 
culmination of western Gondwana assembly 
(Caxito et al., 2021). Thus, while the basal cap 
carbonate unit of the Salitre Formation would 
correspond to the Pedro Leopoldo cap carbonate 
at ca. 635–600 Ma, the phosphatic stromatolites 
and the topmost black limestones that occur in 
other sections of the Salitre Formation would 
correspond to the Lagoa Santa Member of the 
Sete Lagoas Formation, preserving blackish 
stromatolites with δ13C as high as ∼+10‰ and 
probably deposited ca. 580–550 Ma, according 
to U-Pb in situ carbonate LA-ICPMS dating 
(Caxito et al., 2021).

RESULTS

Trace element and C, O, Sr, and Cr isotope 
data (Figs. 3 and 4; Tables S1 and S2 in the Sup-
plemental Material) were obtained according to 
the procedures described in the Supplemental 
Material. Cross-plots of δ53Crmeas (measured) 
with proxies for detrital contamination such as 
Al, Zr, Ti, and Sc (Fig. 4) are generally scattered, 
suggesting a good approximation to the original 
chemical precipitates. The data discussed below 
and presented in Figure 3 correspond to δ53Crauth 
(authigenic) calculated using the correction for 
detrital Cr with Al as a proxy for detrital con-
tamination, after Gilleaudeau et al. (2018).

Sixteen (16) samples of the Caboclo Forma-
tion from the Cristal cave yielded δ13C in a nar-
row range of −2.1‰ to −1.2‰ (with an outlier 
of −4.5‰), with associated δ18O of −9.4‰ to 
−6.8‰ and unfractionated δ53Crauth of −0.21‰ 
to +0.08‰, with an outlier of −0.54‰ (Table 
S1). Most samples show slightly middle rare 
earth element (MREE)–enriched post-Archean 
Australian shale (PAAS)–normalized patterns 
(Fig. 4A), with Y/Ho ratios between 29 and 
40. Ce/Ce* values are generally >0.9 except 
for two outliers at 0.77 and 0.85, and Eu/Eu* 
values are 0.85–1.78 with an outlier of 3.98. 
Sr concentrations are very low, < 30 ppm, and 
thus 87Sr/86Sr ratios do not re�ect the original 
seawater composition.

Samples from four different sections of the 
Ediacaran Salitre Formation were studied. The 
basal cap carbonate (Cap section) yielded δ13C 
from −2.9‰ to −0.4‰, with associated δ18O 
∼−8‰ and δ53Crauth of −0.12‰ to +0.17‰. 
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Figure 2. Field (A, B, E–H) and thin-section (C, D, I; under uncrossed polarizers) photos of 
studied outcrops and samples. (A–D) Ectasian–Stenian Caboclo Formation stromatolitic lime-
stones in Cristal cave (A), stromatolitic mounds (B), and detail in thin section (C,D). (E–I) 
Early Ediacaran Salitre Formation cap carbonate (Cap section) (E), pseudo-teepee structures 
in limestone of Tanque section (F), columnar phosphatic Jurusania krilov (Srivastava, 1982) 
stromatolites (Juru section) (G,H), and mosaic of Jurusania krilov column on thin section (I).
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Slightly MREE + Y–enriched patterns with 
associated Y/Ho ratios of 26–29, Ce/Ce* of 
0.77–0.96, and Eu/Eu* of 0.73–1.01 character-
ize the samples. The samples with higher Sr con-
centrations, > 387 ppm, yielded 87Sr/86Sr ratios 
of 0.7082–0.7088.

Samples from the Arrecife farm domal stro-
matolites (Arrecife section) also yielded nega-
tively fractionated δ13C from −4.1‰ to −2.5‰, 
with associated δ18O of −6.5‰ to −8.5‰ and 
fairly unfractionated δ53Crauth of −0.08‰ to 0‰. 
PAAS-normalized rare earth element (REE) + Y 
patterns are relatively �at with only slight 
MREE enrichment, with associated Y/Ho ratios 
of 28–33, Ce/Ce* of 0.94–0.98, and Eu/Eu* of 
0.85–1.09. Two samples with Sr concentration 
of 371 and 1585 ppm yielded 87Sr/86Sr ratios of 
0.7081 and 0.7077, respectively.

Carbonate samples from the Tanque farm 
(Tanque section), containing teepee and evap-
orite cast structures, yielded δ13C of −0.12‰ 
to +0.23‰, with δ18O ∼−6‰ and positively 
fractionated δ53Crauth as high as +0.25‰. 
REE + Y patterns are relatively �at. Y/Ho 
ratios are 29–32, Ce/Ce* values are 0.95–1.03, 
and Eu/Eu* values are 0.86–1.07. All samples 
are Sr rich (437–2291 ppm) and show 87Sr/86Sr 
between 0.7077 and 0.7082.

Finally, samples from the phosphatic inter-
digitate stromatolites (Juru section) yielded 
δ13C of −2.3‰ to −1.2‰, δ18O ∼−3.5‰, 
and the most positively fractionated δ53Crauth 
of to +0.45‰ to +0.51‰. PAAS-normalized 
REE + Y patterns show depletion of light REEs 
(LREEs) and pronounced positive Y anomalies 
with Y/Ho of 40–44, with associated Ce/Ce* 

of 1.16–1.19 and Eu/Eu* of 0.95–1.11. Two 
samples with Sr concentrations of 431 and 
607 ppm yielded 87Sr/86Sr of 0.7076 and 0.7078, 
respectively.

DISCUSSION AND CONCLUSIONS

The data obtained are coherent with current 
interpretations that suggest widely distinct redox 
conditions throughout the Proterozoic. Although 
fractionated δ53Cr values were reported from 
Mesoproterozoic-aged shales dating back to 
1350 Ma in the Shennongjia Group of South 
China (Can�eld et al., 2018), data compilations 
using ironstones and shales (Cole et al., 2016; 
Planavsky et al., 2014) reveal a general lack of 
fractionation in the 1600–1000 Ma interval. 
Marine carbonates record the �rst whiffs of a 
renewed oxygenation pulse at 1112–970 Ma 
(Gilleaudeau et al., 2016).

The Caboclo Formation depositional age is 
roughly constrained between ca. 1.4 (younger 
detrital zircon population; Guadagnin and Che-
male, 2015) and ca. 1.2 Ga (Pb-Pb whole-rock 
isochron; Babinski et al., 1993), thus �tting the 
above-discussed intervals and probably repre-
senting an Ectasian–Stenian carbonate-silici-
clastic ramp. The lack of positive chromium 
isotope fractionation suggests that oxidative 
weathering was not important at the time of 
deposition, and the general lack of negative 
values below the mean values of the common 
lithogenic reservoirs (except for one sample) 
suggests that microbially induced fractionation 
was not a major factor as well (Uhlein et al., 
2021).

The Ediacaran Salitre Formation carbon-
ates, on the other hand, show positively frac-
tionated δ53Crauth values, attaining maximum 
values ∼+0.5‰ in the phosphate-bearing 
interdigitate stromatolites (Table S1). The cap 
carbonate sensu stricto, sitting immediately atop 
glacial diamictites, preserves only minor frac-
tionation, with most values plotting within the 
lithogenic reservoir range. These data are con-
sistent with δ53Crauth �uctuations (Rodler et al., 
2016a, 2016b; Caxito et al., 2018) and other 
proxies such as Ce anomalies, iron speciation 
data, and redox-sensitive elements (Hippertt 
et al., 2019) for other basal Ediacaran cap car-
bonates around the world, suggesting unstable 
redox conditions marked by protracted oceanic 
and possibly atmospheric oxygenation (Rodler 
et al., 2016a, 2016b; Caxito et al., 2018).

Higher in the carbonate succession, the 
association of phosphorites with consistently 
positively fractionated Cr isotope ratios sug-
gest broad oxygenated conditions and high 
bioavailability of phosphorus, setting the stage 
for the colonization of benthic metazoans and 
biomineralizing biota under balanced redox and 
nutrient conditions and triggering higher-style 
trophic chains due to ecological innovations 
made possible by higher oxygen levels, such as 

Figure 3. Isotope stra-
tigraphy data for studied 
sections. Errors bars 
represent the analyti-
cal uncertainty in Cr 
isotope data. Italics rep-
resent least-radiogenic 
87Sr/86Sr for samples 
with [Sr] > 300 ppm. 
auth—authigenic.
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predation and motility (Sperling et al., 2013). 
Late Ediacaran macrofossils were, however, not 
yet found in the Salitre Formation. Although 
conditions of relatively high oxygen fugacity 
might have been attained, it is interesting to 
notice that the highest δ53Crauth values occur in 
the interval with the highest δ18O values of the 
data set (Juru section, ∼−4‰). This might indi-
cate higher rates of evaporation and the devel-
opment of a restricted and shallow hypersaline 
environment, which would have been suitable 
for mat-building microorganisms but probably 
deadly for Ediacaran macrobiota.
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