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A B S T R A C T   

The Tamengo Formation (Corumbá Group, midwest Brazil) is a carbonate-dominated succession of major 
importance to unravel the environmental and biological changes during the Ediacaran–Cambrian transition in 
Gondwana. Although it has been extensively studied in terms of sedimentology, isotope geochemistry, biostra
tigraphy, and geochronology, these studies are constrained to the Corumbá region. This work presents new 
sedimentological, C and O isotope chemostratigraphy, and rare earth elements (REE) plus yttrium (REY) data of 
four sections of the Tamengo Formation in the Serra da Bodoquena region, approximately 200 km south of 
Corumbá, discussing how these new data are related to the type sections. The sections present ooid grainstones, 
with hummocky, swaley, and wavy structures, interbedded with mudstones and shales, indicating deposition of 
fine particles by suspension fallout in-between periods of high-energy, with reworking by storm waves. The 
δ13Ccarb curves show positive plateaus with minor, short-lived negative excursions linked to facies variations, 
which are related to a large δ13Ccarb depth gradient in a redox-stratified water column. The REY profiles present 
middle REE (MREE)-bulge patterns and absent to slightly positive Ce anomalies, consistent with MREE 
adsorption onto Fe–Mn oxyhydroxides in the water column followed by release in pore waters. Subsequently, 
REY remobilization during anoxic diagenetic stages resulted in the MREE-bulge pattern and overprinted some of 
the original seawater REY features, including the Ce anomalies. The Tamengo Formation in the Serra da Bod
oquena region represents a storm-dominated carbonate ramp, as previously interpreted for this unit in the 
Corumbá region. Nevertheless, there is a significant shift of 2 ‰ in the peaks of δ13Ccarb data between both 
localities, which may be related to differences in the overall sector of the carbonate ramp. There are also sub
stantial variations in the δ13Ccarb record of the Tamengo Formation and other coeval Gondwana basins, such as 
the Nama and Itapucumi groups, with different peak values, which may be related to latitudinal differences on 
the inorganic carbon isotope composition or to the degree of basin restriction.   

1. Introduction 

The Ediacaran–Cambrian boundary is one of the most intriguing 
transitions in the geological record. It encompasses metazoan radiations 
(Droser et al., 2017; Wood et al., 2019), dramatic fluctuations in 

atmosphere-ocean redox conditions (Bowyer et al., 2017; Frei et al., 
2013; Mills and Canfield, 2014; Och and Shields-Zhou, 2012; Sahoo 
et al., 2016; Tostevin et al., 2016b), and major disturbances in the global 
carbon cycle (Bjerrum and Canfield, 2011; Bowyer et al., 2022; Johnston 
et al., 2012; Rothman et al., 2003; Yang et al., 2021). To investigate such 
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processes, a few Ediacaran sedimentary units have been extensively 
studied over the past decades. However, an integrated approach, 
considering combined studies of several Ediacaran units worldwide, is 
also a powerful way to explore both environmental and biological in
novations (e.g., Boddy et al., 2022). The Gondwana basins, in particular, 
recorded the influence of tectonic movements in the Ediacaran–Cam
brian ecosystems and their consequence on the rise of complex life 
(Caxito et al., 2021; Cordani et al., 2020). 

Stable carbon isotopes have been one of the most used tools in 
paleoenvironmental studies during the past decades. This is due to the 
relatively fast acquisition time, simple sample preparation, relatively 
low cost of analysis, and the relatively good understanding of the carbon 
cycle built over the years (Caxito et al., 2019). The canonical interpre
tation of the carbon isotope signature of carbonate rocks is that the 
δ13Ccarb signal varies according to the global carbon cycle (Hayes et al., 
1999). However, other factors unrelated to global-scale processes may 
play an even more critical role in determining the δ13Ccarb signal of a 
carbonate rock. For example, diagenesis may overprint the C and O 
isotope signature through basin fluid percolation (Banner and Hanson, 
1990; Jacobsen and Kaufman, 1999). Likewise, isotope fractionation 
linked to authigenic carbonate precipitation may also explain some of 
the δ13Ccarb excursions throughout the geological record (Laakso and 
Schrag, 2020). Therefore, both global and local drivers may influence 
the δ13Ccarb record of a carbonate succession. 

Furthermore, rare earth elements (REE) in carbonates may be used to 
track variations in past seawater chemistry (Tostevin et al., 2016a). In 
the modern seawater, rare earth elements and yttrium (REY) commonly 
present the so-called “seawater signal”, with positive La anomaly, 
negative Ce anomaly, minor positive Gd anomaly, light REE (LREE) 
depletion, and Y/Ho ratios above chondritic values (Nozaki et al., 1997; 
Zhang and Nozaki, 1996). Carbonates that present a seawater-like REY 
signature are often considered to preserve the original seawater 
composition. Nevertheless, it is common for ancient carbonates to 
display different patterns, including middle REE (MREE)-bulge, heavy 
REE (HREE)-depleted, and flat profiles (Zhao et al., 2021, 2022). In 
those cases, the carbonate REY signature records either 
post-depositional processes responsible for REY remobilization and 
overprint or variations in the seawater REY distribution, demanding a 
careful investigation. 

The carbonate-dominated Tamengo Formation (Corumbá Group, 
midwest Brazil) is a key unit to investigate metazoan radiations and 
geochemical variations in Southwestern Gondwana during the Edia
caran–Cambrian boundary. This relevance comes from its rich paleon
tological content, with skeletonized fossils (Adorno et al., 2017; 
Becker-Kerber et al., 2017; Hahn et al., 1982; Hahn and Pflug, 1985; 
Walde et al., 2015; Zaine and Fairchild, 1985, 1987), fossils of macro
algae (Diniz et al., 2021), acritarchs (Gaucher et al., 2003; Zaine, 1991), 
conulariids (Leme et al., 2022), vendotaenids (Becker-Kerber et al., 
2022) and ichnofossils of meiofaunal bilaterians (Parry et al., 2017) 
linked to well preserved geochemical signatures, as revealed from 
studies of carbon stable isotopes (Boggiani et al., 2010; Ramos et al., 
2022), nitrogen isotopes (Oliveira et al., 2019), and major and trace 
elements chemostratigraphy (Spangenberg et al., 2014). Nearly all the 
investigations on the Tamengo Formation were based on the type sec
tions in the Corumbá region, mainly the Laginha and Corcal quarries. 
However, the Tamengo Formation also crops out broadly in the Serra da 
Bodoquena region, approximately 200 km south of Corumbá. 

The purpose of this paper is to present novel sedimentological, 
isotope and rare earth elements data of the Tamengo Formation in the 
Serra da Bodoquena region, discussing the depositional setting of the 
Tamengo Formation in this area, the influence of anoxic diagenesis in 
the REY geochemistry, the implications of seawater redox stratification 
to the carbon isotope record, and the correlation of this unit with the 
Corumbá area and other Late Ediacaran Gondwana basins. 

2. Geological setting 

The Paraguay Belt is a Neoproterozoic to Early Cambrian fold-thrust 
belt that originated during the collision of Amazonia/Rio Apa and Par
anapanema cratons by the end of the Brasiliano Orogeny (Trompette, 
1994). It is divided into the northern and southern branches (Fig. 1), 
which have significant differences in stratigraphy and geochronology 
(Alvarenga et al., 2010; Babinski et al., 2013). The southern Paraguay 
Belt comprises sedimentary and metasedimentary rocks of the Puga 
Formation, Corumbá Group, and Jacadigo Group (Almeida, 1965; 
Alvarenga et al., 2010; Boggiani, 1998; Freitas et al., 2011, 2021), 
metamorphic rocks attributed to the Cuiabá and Rio Bacuri groups 
(Campanha et al., 2011), and igneous plutonic rocks, essentially 
post-collisional granitoids (Manzano et al., 2008). In general, the in
tensity of deformation increases from west to east (Alvarenga and 
Trompette, 1993; Campanha et al., 2011; D’el-Rey Silva et al., 2016; 
Trompette et al., 1998). In the southern Paraguay Belt, there are two 
major studied areas where the Precambrian rocks are not covered by 
Cenozoic sediments, the Corumbá surroundings to the north and the 
Serra da Bodoquena region to the south, both ca. 200 km apart (Fig. 1). 

The Puga Formation is the only sedimentary unit recognized in both 
northern and southern branches of the Paraguay Belt. It comprises dia
mictites interbedded with conglomerates, sandstones, and shales 
(Almeida, 1965; Boggiani, 1998; Boggiani et al., 2003), presenting facies 
of platformal, slope, and outer slope depositional settings (Alvarenga 
and Trompette, 1993). The Puga Formation was first described in the 
southern Paraguay Belt, specifically at the Puga Hill (Maciel, 1959), 
where it is sharply overlain by a distinct cap carbonate, with 
tubestone-microbialite facies and negative δ13Ccarb values (Boggiani 
et al., 2003; Romero et al., 2016). In the northern Paraguay Belt, the 
Puga cap carbonate, represented by the Mirassol D’Oeste and Guia 
formations, presents typical post-Marinoan cap carbonate characteris
tics such as tubestone-microbialite association, megaripples, and meg
apelloids (Font et al., 2006; Nogueira et al., 2003, 2022). In the southern 
Paraguay Belt, detrital zircon ages constrain the maximum depositional 
age of the Puga Formation at 686 ± 10 Ma (McGee et al., 2018), ruling 
out any correlation of this unit with the Sturtian Glaciation. The Puga 
Formation is associated with the upper Jacadigo Group due to the 
extensive banded iron formations found in both units (Alvarenga et al., 
2011), their interpreted glacial origin (Freitas et al., 2021), and their 
correlative Cr isotope chemostratigraphy (Árting et al., 2023; Frei et al., 
2017). Furthermore, recent in situ U–Pb dating of calcite in the Puga cap 
carbonate in the northern Paraguay Belt yielded an age of 623 ± 3 Ma, 
interpreted as diagenetic stabilization of the cap carbonate fabric (Car
valho et al., 2023). Considering the points listed above, an 
end-Cryogenian (Marinoan) age for the Puga Formation and an earliest 
Ediacaran age (ca. 635 Ma) for the overlying cap carbonate are more 
consistent with the available data. 

The Corumbá Group unconformably overlies the Puga Formation 
and the Puga cap dolostone, encompassing Ediacaran siliciclastic and 
carbonate rocks divided into Cadiueus, Cerradinho, Bocaina, Tamengo, 
and Guaicurus formations, from base to top (Almeida, 1965; Boggiani, 
1998). The Cadiueus Formation marks the initial stages of sedimentation 
as conglomerates with basement clasts, representing glacial-outwash 
fans and gradually passing to facies of the Cerradinho Formation 
(Almeida, 1965; Boggiani, 1998; Gaucher et al., 2003). The Cerradinho 
Formation hosts thick beds of sandstones interbedded with carbonates 
and shales, representing the upper facies of the fans (Almeida, 1965; 
Alvarenga et al., 2010; Boggiani, 1998). These two basal units (Cadiueus 
and Cerradinho formations) represent the initial rift stage of the 
Corumbá Basin, with predominantly terrigenous input into grabens 
(Boggiani et al., 2010). The microfossil assemblage of the Cerradinho 
Formation supports an Ediacaran age for this unit (Gaucher et al., 2003), 
but Hiatt et al. (2020) advocates an end-Cryogenian age for the Cadiueus 
and Cerradinho formations based on glacial sedimentary features of drill 
cores from the Corumbá area, associating them with the Marinoan 
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Fig. 1. (A) Geological map of the Paraguay Belt and associated units (after Alvarenga et al., 2010). The dashed rectangle denotes the area of the geological map of 
Fig. 2. (B) Stratigraphic chart of the southern Paraguay Belt. (C) Stratigraphic chart of the Corumbá Group. Green ages are U–Pb ash bed zircon ages from Parry 
et al. (2017). 
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Glaciation, together with the Puga Formation and the upper Jacadigo 
Group. Intriguingly, no glacial features were documented in outcrop 
exposures of the Cadiueus and Cerradinho formations. 

The Bocaina Formation unconformably overlies the Puga and Cer
radinho formations after a major erosive surface that represents a first- 
order limit in the Corumbá Basin (Hippertt et al., 2023), marking the 
onset of widespread carbonate sedimentation. The Bocaina Formation 
comprises stromatolitic dolostones, often silicified, with phosphorites 
and shales at the top (Boggiani, 1998; Boggiani et al., 2010; Hippertt 
et al., 2023; Morais et al., 2021), representing a rimmed carbonate shelf, 
possibly restricted to the shallowest areas of the Corumbá Basin, since 
the Tamengo Formation directly overlies the Cerradinho Formation at 
many localities (Gaucher et al., 2003; Hippertt et al., 2023). The 
Tamengo Formation sharply overlies the Bocaina and Cerradinho for
mations, as well as the crystalline basement, in a major discontinuity in 
the Corumbá Group (Morais et al., 2021). At some localities, the contact 

between the Tamengo and Bocaina formations is marked by layers of 
polymictic breccias representing slope deposits that reworked underly
ing units (Fernandes et al., 2022). The Tamengo Formation hosts dark 
limestones interbedded with shales and siltstones, representing an 
extensive storm-dominated carbonate ramp (Amorim et al., 2020; Oli
veira et al., 2019). Ash beds yielded U–Pb zircon ages of 555.18 ± 0.30 
Ma at the top of the Bocaina Formation and of 541.85 ± 0.75 Ma at the 
top of the Tamengo Formation, constraining the deposition of the 
Tamengo Formation within this interval (Parry et al., 2017). Shales and 
siltstones of the Guaicurus Formation set the sedimentation of the final 
stages of the Corumbá Group in a last transgressive tract (Boggiani et al., 
2010; Fazio et al., 2019; Walde et al., 2015). 

Fig. 2. Geological map of the studied area along with geological cross sections T1 and T2 (after Campanha et al., 2011) and hypsometric map of the Bodoquena 
Ridge. The black rectangle in the hypsometric map denotes the area of the geological map. 
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3. Methods 

3.1. Assessing sedimentological data 

Four sections of the Tamengo Formation were studied in the Serra da 
Bodoquena region (Fig. 2). The Princesinha section is located at the 
westernmost part of the Corumbá Group, specifically at the Baía das 
Garças surroundings, where the Tamengo Formations directly overlies 
the Cerradinho Formation. It is composed of outcrops along the MS-382 
road and on a hill, at the Princesinha Farm (21◦02′29″ S, 56◦51′07″ W). 
The Três Morros section (21◦03′53″ S, 56◦44′29″ W) is located 12 km east 
of the Princesinha section, cropping out continuously for ca. 50 m on a 
hill. In both Princesinha and Três Morros sections, the beds are sub- 
horizontal. The MS-339 section (20◦32′34″ S, 56◦44′29″ W) is a new 
section exposed through recent widening of the MS-339 road, connect
ing Bodoquena to Morraria do Sul. In this section, the bedding strikes 
N20E and dips 20◦ to SE. The Calbon section (20◦24′52″ S, 56◦11′33″ W) 
is located at the Calbon mine, on the eastern border of the Corumbá 
Group. The bedding strikes N140E and dips 30◦ to NE. Descriptions of 
sedimentary facies were carried out during field work. Further sedi
mentological data was obtained through the description of thin sections 
with a Carl Zeiss Axioplan 2 petrographic microscope coupled with Leica 
Application Suite. Some thin sections were half-stained with alizarin red 
and potassium ferrocyanide following the procedure of Dias-Brito 
(2017) modified from Dickson (1966) to allow for the distinction be
tween calcite and dolomite. 

3.2. Major and some trace elements 

Major and some trace elements were determined by X-ray fluores
cence (XRF), using both glass and pressed powder pellets in the XRF 
Laboratory of the Institute of Geosciences of the University of São Paulo 
(NAP GeoAnalítica – USP). For the glass pellets, the samples were fused 
with lithium tetraborate (Li2B4O7). For the powder pellets, the samples 
were powdered using an agate pestle down to 200 mesh and mixed with 
binder in a 1:5 binder to sample proportion. Pellets were analyzed on a 
PANanalytical AXIOS MAX Advanced X-ray Fluorescence Spectrometer. 
The standards used were JB-1A and JG-1A. 

2.3. Rare earth elements and yttrium (REY) 

The evaluation of REY of the carbonate fraction in carbonate rocks is 
hampered, since small amounts of detrital contamination as low as 1 % 
may significantly alter the obtained REY signal (Zhao et al., 2021). 
Therefore, different leaching methods are suggested in the literature (e. 
g., Tostevin et al., 2016a; Zhang et al., 2015) to digest only the carbonate 
fraction and eliminate detrital contaminants. The method applied here 
followed the procedure of Paula-Santos et al. (2020), with minor ad
justments. This method aims the leaching of 15–20 % and 30–35 % of 
the initial mass through a two-step digestion procedure. Approximately 
500 mg of sample powder was digested in 5 mL of 0.1 mol/L HCl for 60 
min. Then, the solution was centrifuged, the supernatant was discarded, 
and the residue was rinsed with ultrapure water and centrifuged again. 
20 mL of 0.1 mol/L HCl was added to the solution, which was centri
fuged after 60 min of reaction. The supernatant was recovered, and the 
residue was rinsed with ultrapure water and centrifuged. The last su
pernatant was added to the retrieved solution. The leachate was dried on 
a hot plate and diluted in 1.25 mL of 65 % HNO3. Finally, after one more 
drying step, 1.5 mL of 65 % HNO3 was added to the residue and the 
solution was diluted to 50 mL with ultrapure water. The determination 
of trace elements, including rare earth elements and yttrium, was ob
tained on an iCAP Q – Thermo Scientific Inductively Coupled Plasma 
Mass Spectrometer (ICP-MS) in the Geochemistry Laboratory of the 
Institute of Geosciences, University of São Paulo. The NIST-SRM-1c 
reference material was prepared using the same method as the sam
ples. One NIST-SRM-1c sample was measured after every five samples, 

and an average relative standard deviation of 13 % was obtained for the 
standard results. Additionally, three samples were measured in dupli
cate, yielding average relative differences of 9 % considering all 
elements. 

Values were normalized to the Post-Archean average Australian 
Shale (PAAS; Pourmand et al., 2012). The (Nd/Yb)n, (Dy/Sm)n, and 
(Tb/Yb)n ratios denote the light/heavy REE (LREE/HREE), middle/light 
REE (MREE/LREE), and middle/heavy REE (MREE/HREE) ratios, 
respectively. The calculation of anomalies was carried out following the 
geometric average equations of Lawrence et al. (2006), where REY 
concentrations are normalized to PAAS: 

(Ce/Ce∗)n =
Cen × Ndn

Pr2
n  

(Eu/Eu∗)n =
Eun

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Sm2
n × Tbn

3
√

(La/La∗)n =
Lan

Prn ×

(
Prn
Ndn

)2  

3.4. Carbon and oxygen isotopes 

Data for carbon and oxygen isotopes were obtained for all sections 
studied with exception of the Calbon section, whose isotope data were 
compiled from Boggiani et al. (2010). Approximately 10 mg of car
bonate samples were drilled, avoiding post-depositional components 
such as calcite veins. The powders were then attacked by phosphoric 
acid and the released CO2 was analyzed in a Thermo Fisher Scientific 
Delta V Advantage ICP-MS in the Laboratory of Stable Isotopes of the 
University of São Paulo. Results are reported using the delta notation, 
where:  

δ13Ccarb = [(12C/13C)sample / (12C/13C)VPDB – 1] × 1000                               

And  

δ18Ocarb = [(16O/18O)sample / (16O/18O)VPDB – 1] × 1000                              

The isotopic ratios were normalized as per the Vienna Pee-Dee Bel
emnites (VPDB) reference material and expressed in parts per mille (‰). 
The average long-term reproducibility was ±0.10 ‰ for δ13Ccarb and 
±0.09 ‰ for δ18Ocarb. 

4. Results 

4.1. Sedimentology and stratigraphy 

The Princesinha section directly overlies a 15 m thick succession of 
arkosic sandstone of the Cerradinho Formation, thus representing the 
basal Tamengo Formation in the Serra da Bodoquena region. The lower 
section is mainly composed of ooid grainstones with swaley and hum
mocky cross-bedding interbedded with shales (Fig. 3). There are also 
thin (ca. 30 cm) intercalations of carbonate intraformational breccias 
and poorly sorted coarse sandstones. In the surroundings of the Prin
cesinha Section, there are carbonate facies with microbial lamination 
and thrombolite occurrences associated with grainstones approximately 
in the same stratigraphic level of the lower section (Fig. 3). The upper 
Princesinha section is mainly composed of oolitic grainstones with 
swaley and wavy cross-bedding, mudstones, and rare shale in
tercalations. Pyrite framboids are present throughout the entire Prin
cesinha section, with an average diameter of 6.8 μm. Euhedral pyrite 
crystals up to 50 μm were observed only in the lower carbonate beds. 
The stained thin sections reveal that the samples from the upper section 
are partially and locally dolomitized. 

The Três Morros section displays dark mudstones passing to ooid 

H.A. Fernandes et al.                                                                                                                                                                                                                           



Journal of South American Earth Sciences 133 (2024) 104696

6

grainstones in metre-scale coarsening-upward successions. These rocks 
exhibit wavy sub-horizontal undulating bedding (Fig. 4). The oolitic 
grainstones show highly micritized ooids around 150 μm in diameter 
(Fig. 5). In this section, pyrite framboids are ubiquitous, with an average 
framboid diameter of 5.7 μm. Some thin sections also presented euhe
dral pyrites. The stained thin sections show a low degree of dolomiti
zation, with minor dolomitized portions (Fig. 4). 

The MS-339 section is highly deformed, presenting intrafoliation 
folds, which can cause an overestimation of the original thickness of the 
succession. In its lower and middle parts, it displays intercalations of 
marly limestones with shale lens and shales with carbonate lens (Fig. 4). 
In these sectors, there are rare intercalations of fine silty sandstone with 
carbonate lens. The upper MS-339 section is dominated by a thick 
limestone succession, locally with brecciated fabric (Fig. 5), interbedded 

with marls with shale lens. Due to the high degree of deformation and 
micritization of this section, it was not possible to determine the nature 
of the carbonate facies, as many of the original constituents were 
obliterated. All three sectors of the MS-339 section show pyrite fram
boids, with an average diameter of 7.9 μm. The degree of dolomitization 
is relatively high in the mid-section, achieving around 50 % of the 
carbonate mass (Fig. 5). 

4.2. Isotope chemostratigraphy 

In the Princesinha section, the lower 32 m presented δ13Ccarb values 
ranging from − 1.33 ‰ to +2.00 ‰, while the upper section yielded 
values spanning from +2.26 to 5.52 ‰ (Fig. 6). The oxygen isotopes in 
this section ranged from − 7.53 to − 3.97 ‰, with higher variation in the 

Fig. 3. Facies of the Tamengo Formation in the Princesinha section and its surroundings. (A) Contact between limestone (top) and siltstone (bottom) in the lower 
Princesinha section. (B) Carbonate intraformational breccia. (C) Grainstone with swaley cross-bedding. (D) Thrombolite. (E) Microbial lamination. 

Fig. 4. (A) Oolitic grainstone sequence in the Três Morros section with undulating bedding. Scale is 40 cm long. (B) Grainstone-dominated sequence in the upper MS- 
339 section. (C) Marl and shale intercalations (red dashed lines represent contacts) in the middle MS-339 section. (D) Contact (yellow dashed line) between 
dolarenite (bottom) and phyllite (top) in the upper Calbon section. 
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lower section. The Três Morros section displayed relatively high shifts in 
δ13Ccarb, from +1.65 to +4.25 ‰ and δ18Ocarb spanning from − 6.24 to 
− 4.03 ‰, in a considerably stable trend. The δ13Ccarb curve in the MS- 
339 section showed stable values in the lower and middle part, 
around +3 and + 2 ‰, respectively. In the upper section, the δ13Ccarb 
curve shows a decreasing trend, from 2.94 to 1.10 ‰, with two minor 
negative excursions down to − 1.19 ‰. Oxygen isotopes are relatively 
stable around − 5 ‰, with exception of the middle section, which 
exhibited considerably lighter oxygen isotope composition, around − 12 
‰ (Fig. 6). Complete data is given in Table 1. 

4.3. Rare earth elements and yttrium (REY) 

Samples from the Princesinha section displayed 
∑

REY ranging from 
0.90 to 11.93 ppm, an average positive (La/La*)n of 0.84, absent to 
slightly positive Ce anomalies up to 1.15, and Y/Ho ranging from 49 to 
77 (Fig. 7). The REY distribution of the Três Morros samples showed 

lower 
∑

REY, of around 0.20 ppm, absent to slightly negative Ce 
anomalies down to 0.92, absent La anomalies (average (La/La*)n of 
0.97), and high Y/Ho ratios up to 74. Notable MREE-bulge pattern is 
observed in both Princesinha and Três Morros sections, verified through 
(Tb/Yb)n ratios, which yielded an average of 1.48, and (Dy/Sm)n, whose 
average was 0.93, considering both sections. Also, the same samples 
presented average (Nd/Yb)n of 1.28, indicating general HREE depletion. 

Samples from the Calbon section yielded variable 
∑

REY, from 0.20 
to 6.10 ppm, slightly negative Ce anomalies down to 0.90, Y/Ho of 36 
and 44 and La anomalies from 1.21 to 1.99. Two samples from the 
Calbon section also presented low (Nd/Yb)n ratios (0.54 and 0.85), 
showing a HREE enrichment (Fig. 7), in contrast with the other sections. 
One sample from the MS-339 section yielded a prominent (Eu/Eu*)n of 
4.20. The Eu for the other sample was below detection limit. Both 
samples from the MS-339 section presented positive (La/La*)n of 1.24 
and 1.50, and (Ce/Ce*)n of 1.05 and 0.95. All values are displayed in 
Table 2. 

Fig. 5. (A) Ooid grainstone facies in the Três Morros section with micritized ooids. (B) Brecciated fabric in the middle MS-339 section. (C) Euhedral pyrite in the 
Princesinha section. (D) Pyrite framboid in cluster and isolated, in the MS-339 section. (E) Photomicrograph of stained thin section (pink color indicates calcite) of 
the Três Morros section, showing predominance of calcite. (F) Stained thin section of the MS-339 section, showing a medium degree of dolomitization. 
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5. Discussion 

5.1. Depositional setting of the Tamengo Formation at the Serra da 
Bodoquena region 

The layers of shales and siltstones, abundant in the lower Princesinha 
and MS-339 sections, suggest low energy bottom conditions, with 
sedimentation of fine particles by suspension fallout (Reading, 1996). In 
the same sections, ooid grainstones with hummocky and swaley 
cross-bedding indicate deposition below fair-weather wave base level 
and above storm wave base level, allowing for the preservation of such 
structures after storm cease (Dott and Bourgeois, 1982). In that context, 
fine sedimentation occurred between major storms (Amorim et al., 
2020; Labaj and Pratt, 2016). The monotonous oolitic grainstone suc
cessions of the upper Princesinha and Três Morros sections indicate a 
high energy setting. Such facies are traditionally associated with shallow 
water carbonate systems (Burchette and Wright, 1992). The presence of 
hummocky, swaley, and wavy structures in these rocks also indicates 
reworking by storm waves and possibly fair-weather waves (Tucker and 
Wright, 1990) at relatively shallow depths (Dumas and Arnott, 2006). 
The thin beds of intraclastic carbonate breccias in the lower Princesinha 
and MS-339 sections indicate reworking of lithified carbonate beds in a 
moderate to high energy setting. 

The two defining criteria of Amorim et al. (2020) to interpret a 
storm-dominated carbonate ramp from the type sections of the Tamengo 
Formation in Corumbá are also found in the Serra da Bodoquena region. 

Firstly, a carbonate ramp implies a lateral continuity of facies, which is 
verified in the sections studied herein and by Boggiani et al. (2010), 
achieving an even greater lateral continuity (ca. 60 km) compared to the 
Corumbá region (ca. 7 km). Secondly, the greatest difference between a 
carbonate ramp and a carbonate rimmed platform is the sedimentary 
facies associated with extensive build-ups that constitutes the rim. The 
Tamengo Formations lacks that type of facies, with only minor micro
bialites in association with oolitic grainstones in inner and mid-ramp 
settings (Oliveira et al., 2019). Minor occurrences of stromatolites and 
thrombolites may fairly be present in mid to outer ramp settings, 
composing isolated build-ups rather than a barrier, such as in the case of 
rimmed shelves (Burchette and Wright, 1992). Hence, it is safe to as
sume that the extension of the Tamengo Formation carbonate ramp 
(Amorim et al., 2020; Oliveira et al., 2019; Ramos et al., 2022) exceed 
the well-known region of Corumbá, encompassing the Tamengo For
mation exposures in the Serra da Bodoquena region as well. In this 
scenario, the Princesinha, Três Morros, and MS-339 sections are 
consistent with a mid to outer ramp setting, since they show varying 
degrees of storm influence, with hummocky and swaley cross-bedding 
(Burchette and Wright, 1992). Furthermore, mid to outer ramp sectors 
also have large amounts of lime and/or terrigenous mud, precipitated 
from fallout during low-energy intervals, in agreement with the marly 
facies in the MS-339 section and the shale intercalations in the Prin
cesinha and MS-339 sections. 

The Calbon section, on the other hand, represents a deep-water 
setting, with high terrigenous input, represented by the abundant 

Fig. 6. Sedimentological and C and O isotope data of the studied sections. Isotope data from the Calbon section is from Boggiani et al. (2010).  
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Table 1 
Carbon and oxygen isotope data, Sr concentration, Mn/Sr, and Mg/Ca ratios of the samples from the Tamengo Formation.   

Sample ICP-MS XRF 

δ13Ccarb‰ (VPDB) δ18Ocarb‰ (VPDB) Sr (ppm) Mn/Sr (ppm/ppm) Mg/Ca (%/%) 

Princesinha section BG - 0,6 − 1.33 − 5.00 324 1.0996 0.4271 
BG - 1,5 1.63 − 6.80    
BG - 16,8 2.84 − 7.12 449 0.1035 0.0497 
BG - 17,2 2.08 − 5.70    
BG - 22,9 2.28 − 7.38 484 0.2560 0.0407 
BG - 26,6 1.21 − 4.83    
BG - 27,1 2.21 − 6.23    
BG - 27,2 1.86 − 3.78    
BG - 27,8 1.88 − 5.88    
BG - 28,0 1.06 − 3.97 398 0.6616 0.3008 
BG - 28,8 1.25 − 3.43    
BG - 29,8 0.61 − 4.07    
BG - 40,6 4.16 − 6.36 2475 0.0688 0.0217 
BG - 40,8 4.09 − 6.4    
BG - 41,0 3.88 − 6.46    
BG - 41,5 3.78 − 6.77    
BG - 42,6 4.30 − 6.01    
BG - 43,0 1.37 − 5.30    
BG - 43,3 3.95 − 6.67    
BG - 44,2 5.52 − 6.41    
BG - 44,4 4.19 − 5.94 4324 0.0125 0.0103 
BG - 48,5 4.80 − 6.45    
BG - 48,8 4.46 − 5.84    
BG - 49,0 4.92 − 5.43    
BG - 49,2 2.93 − 5.93    
BG - 49,6 3.66 − 6.5 3701 0.0230 0.0146 
BG - 49,8 3.95 − 6.03    
BG - 50,0 3.68 − 7.36    
BG - 51,6 4.21 − 5.47    
BG - 51,8 4.25 − 6.48    
BG - 52,0 2.73 − 6.48    
BG - 52,4 3.03 − 6.53    
BG - 55,5 3.27 − 6.75 3885 0.1435 0.0144 
BG - 55,8 3.09 − 6.9    
BG - 56,0 2.26 − 7.53    
BG - 56,2 3.08 − 6.61    
BG - 57,0 2.59 − 6.83    
BG - 57,2 4.09 − 7.08    
BG - 57,4 3.76 − 6.6    
BG - 70,0 3.97 − 6.37 4626 0.0301 0.0132 
BG - 75,5 4.01 − 4.98 4405 0.0211 0.0082 
BG - 76,0 3.95 − 4.78    
BG - 78,0 4.76 − 4.92    
BG - 79,0 4.73 − 4.98 4214 0.0165 0.0077 

Três Morros section 3 M - 0,3 2.58 − 5.16 3922 0.0039 0.0040 
3 M - 1,1 2.62 − 5.13    
3 M - 2,1 2.45 − 5.05    
3 M - 3,0 1.65 − 6.24    
3 M - 4,0 2.51 − 5.36    
3 M - 5,0 2.75 − 5.24 3289 0.0071 0.0037 
3 M - 6,0 2.80 − 4.97    
3 M - 7,0 2.68 − 5.15    
3 M - 8,0 2.63 − 5.00    
3 M - 9,0 2.71 − 4.97    
3 M - 10,0 2.61 − 5.34 3860 0.0040 0.0037 
3 M - 11,0 3.56 − 4.03    
3 M - 12,8 2.80 − 5.20    
3 M - 14,0 2.73 − 5.20    
3 M - 15,0 3.06 − 4.71 4236 0.0037 0.0031 
3 M - 17,0 2.78 − 5.11    
3 M - 18,0 2.88 − 5.40    
3 M - 19,0 2.98 − 4.96    
3 M - 20,6 3.12 − 4.04 3873 0.0080 0.0056 
3 M - 21,0 2.89 − 5.20    
3 M - 22,0 3.15 − 4.82    
3 M - 22,8 3.48 − 4.11    
3 M - 25,4 4.01 − 4.98 4284 0.0054 0.0043 
3 M - 26,0 3.48 − 4.55    
3 M - 27,0 4.25 − 4.46    
3 M - 29,0 3.91 − 4.20    
3 M - 30,0 3.23 − 4.60 3842 0.0040 0.0037 
3 M - 31,0 2.21 − 4.97    
3 M - 32,0 3.13 − 5.00    

(continued on next page) 
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quartz grains in the dolomites (Boggiani et al., 2010). In this case, the 
sedimentation of the dolarenite facies occurred through high-energy 
mass movements, followed by periods of low-energy, in which fine 
sedimentation dominated. 

Euhedral and framboidal pyrites are ubiquitous in the Princesinha, 
Três Morros and MS-339 sections. Euhedral pyrites are indicative of 
saturation of Fe monosulfides in anoxic diagenetic environments (Wang 
et al., 2012; Wilkin et al., 1996). Framboids may be syngenetic, i.e., 
precipitated from euxinic water column, or diagenetic, formed in pore 
waters with overlying oxic/dysoxic water column (Blood et al., 2020; 
Wang et al., 2013). The mean diameters of the pyrite framboids of the 
studied sections suggest a mixture of syngenetic and diagenetic pyrites 

under water column shifting ephemerally from dysoxic to sulfidic (Wang 
et al., 2012). 

5.2. Evaluation of the isotope geochemical signal 

Some major and trace elements such as Fe, Mn, and Sr, are sensitive 
to diagenetic alterations and may be used to track the extent of isotope 
diagenetic alteration (Banner and Hanson, 1990; Ullmann and Korte, 
2015). As Sr tends to leave the carbonate mineral lattice during 
fluid-rock interaction and non-marine calcites are relatively Mn-rich, Sr 
concentrations and elemental ratios, such as Mn/Sr, are good indicators 
of diagenetic overprint (Banner and Hanson, 1990; Kim et al., 2012). 

Table 1 (continued )  

Sample ICP-MS XRF 

δ13Ccarb‰ (VPDB) δ18Ocarb‰ (VPDB) Sr (ppm) Mn/Sr (ppm/ppm) Mg/Ca (%/%) 

3 M - 34,0 3.75 − 4.07    
3 M - 34,8 3.41 − 4.38    
3 M - 37,2 3.05 − 4.24    
3 M - 39,0 3.23 − 5.10    
3 M - 40,4 3.40 − 4.58    
3 M - 41,0 3.74 − 4.53    
3 M - 44,4 3.26 − 4.49 3408 0.0091 0.0048 
3 M - 46,0 2.99 − 5.15    
3 M - 47,0 3.48 − 4.23    
3 M - 48,0 3.14 − 4.79    
3 M - 50,8 2.73 − 4.48 3970 0.0059 0.0056 

MS-339 section 22 BD 21–0,7 2.95 − 8.03 3697 0.0251 0.0038 
22 BD 21 - 5 2.09 − 8.24    
22 BD 21–8,7 2.93 − 8.02    
22 BD 21 - 13 2.87 − 4.34    
22 BD 21 - 19 2.72 − 6.43    
22 BD 21 - 23 2.78 − 8.22    
23 BD 21 - 6 1.20 − 12.65    
23 BD 21 - 12 1.55 − 12.56    
23 BD 21 - 16 2.17 − 11.33    
23 BD 21 - 20 2.20 − 11.83    
23 BD 21 - 28 2.40 − 11.47    
23 BD 21 - 36 2.20 − 11.67    
23 BD 21 - 40 2.22 − 11.23    

23 BD 21–44,35 2.65 − 11.43    
23 BD 21 - 48 2.31 − 11.86    
23 BD 21 - 54 2.49 − 10.93    
23 BD 21 - 58 2.81 − 10.61    
23 BD 21 - 62 2.45 − 11.35    
23 BD 21 - 70 2.43 − 11.17    
23 BD 21 - 74 1.92 − 12.40    
24 BD 21 - 2 0.61 − 12.12    
24 BD 21 - 8 2.31 − 6.21 2862 0.0216 0.0056 
24 BD 21 - 12 2.94 − 3.95    
24 BD 21 - 20 2.81 − 4.73    
24 BD 21 - 24 2.40 − 3.74    
24 BD 21 - 28 2.26 − 4.10    
24 BD 21 - 34 1.95 − 4.93    
24 BD 21 - 36 1.72 − 5.05    
24 BD 21 - 40 1.55 − 5.31    
24 BD 21 - 44 1.57 − 3.70    
24 BD 21 - 48 1.10 − 3.88    
24 BD 21 - 52 0.86 − 5.39    
24 BD 21 - 58 − 1.09 − 7.89    
24 BD 21 - 62 − 0.26 − 4.79    
24 BD 21 - 66 2.10 − 3.78    
24 BD 21 - 70 1.32 − 6.29    
24 BD 21 - 72 0.88 − 5.69 1905 0.0041 0.0105 
24 BD 21 - 76 − 0.76 − 5.09    
24 BD 21–82,5 − 1.19 − 4.63    
24 BD 21 - 86 − 0.63 − 3.52    
24 BD 21 - 96 2.29 − 5.16    
24 BD 21 - 104 2.06 − 4.56    
24 BD 21 - 110 2.11 − 4.80    
24 BD 21 - 114 2.03 − 5.37    
24 BD 21 - 118 1.79 − 5.61    
24 BD 21 - 122 2.24 − 4.67    
24 BD 21 - 128 2.57 − 5.02 3453 0.0045 0.0038  
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Originally, carbonates with Mn/Sr > 2 are assigned as altered (Brand 
and Veizer, 1980; Veizer, 1983), but Kaufman and Knoll (1995) 
extended this threshold level to 10. However, specific cut-off values are 
not recommended, and each dataset should be carefully evaluated. The 
samples analyzed in this work show Mn/Sr ratios up to 1.1, which im
plies an overall negligible diagenetic overprint. However, there is a clear 
trend between Mn/Sr and δ13Ccarb, with samples from the lower Prin
cesinha section presenting the most altered signals (Fig. 8), suggesting 
some degree of diagenetic influence on the carbon isotope record of 
these samples. The cut-off value of 0.4 Mn/Sr was used to determine the 
threshold of unaltered samples. The two samples above 0.4 Mn/Sr were 
discarded from the paleoenvironmental interpretations. The same 
samples showed higher Mg/Ca ratios, up to 0.43 (Fig. 8), indicating a 
higher degree of dolomitization, also verified through stained thin 
sections. 

In the Três Morros and middle MS-339 sections, there is a significant 
positive covariation (R2 = 0.54 and R2 = 0.78, respectively) between 
δ13Ccarb and δ18Ocarb (Fig. 9). This covariation is traditionally associated 
with diagenetic alteration by meteoric fluids (Allan and Matthews, 
1982), but can also be the result of marine-freshwater mixing conditions 
(Swart and Oehlert, 2018). The other sections do not show significant 
covariations between these parameters. Importantly, also in the middle 
MS-339 section, there is a significant drop in the δ18Ocarb record down to 
− 12 ‰, which may be related to the percolation of high-T fluids. This 
scenario will be discussed in the REY section. 

5.3. Isotope chemostratigraphy of the Tamengo Formation in the Serra da 
Bodoquena region 

The carbon isotope record of the Tamengo Formation in the Serra da 
Bodoquena region is marked by positive δ13Ccarb, with few, short-lived 
excursions towards lower values, but often not reaching negative 
values. The δ13Ccarb curves of the studied sections are in general good 
agreement with the sections studied by Boggiani et al. (2010) at the 
same region. Furthermore, the general positive values of δ13Ccarb 
contrast with the other carbonate successions at Serra da Bodoquena 
region. For instance, the Puga cap dolostone displays negative values 
around − 5 ‰ (Boggiani et al., 2003; Spangenberg et al., 2014), typical 
of post-Marinoan cap carbonates, and the dolomites of the Bocaina 
Formation exhibit δ13Ccarb around 0 ‰ (Alvarenga et al., 2011; Bog
giani, 1998). Therefore, the positive δ13Ccarb plateau recorded in all 

studied sections appears to be restricted to the Tamengo Formation in 
the area. 

Considering the sections investigated here and by Boggiani et al. 
(2010), the Tamengo Formation shows decreasing average δ13Ccarb 
values from west to east, with exception of the Calbon section, which 
yielded the highest δ13Ccarb signature. Furthermore, in the upper 
MS-339 section, the two short-lived negative δ13Ccarb excursions are 
linked to facies variations, as their occur in marly facies interbedded 
with shales, while the grainstones present higher δ13Ccarb values. Simi
larly, in the Princesinha section, the carbonate beds in the lower section 
show lower δ13Ccarb values, while the monotonous grainstones of the 
upper section display higher δ13Ccarb. Such regional and local variations 
on the δ13Ccarb record may be linked to an isotope depth gradient caused 
by seawater redox stratification (Giddings and Wallace, 2009). In fact, 
there are strong evidence that support a Late Neoproterozoic stratified 
ocean, with a thin layer of oxic surface waters overlying ferruginous (i. 
e., Fe(II)-enriched) bottom waters, and sulfidic (euxinic) water wedges 
impinging in the continental shelves (Canfield et al., 2008; Frei et al., 
2013, 2017; Li et al., 2010), in several Ediacaran basins, including the 
Tamengo Formation in Corumbá (Spangenberg et al., 2014). In such 
scenario, bottom waters would host a large dissolved organic carbon 
(DOC) pool, which, after remineralization during sulfate reduction 
processes, would result in a 13C-depleted dissolved inorganic carbon 
(DIC) reservoir in bottom waters, ultimately developing a large carbon 
isotope depth gradient (Jiang et al., 2007). 

There is also an increasing trend in the average δ18Ocarb from west to 
east considering all sections in the Serra da Bodoquena region. The 
Princesinha section, in the westernmost part of the Corumbá Group, for 
instance, presented average δ18Ocarb of − 5.9 ‰, while the Calbon sec
tion, at the eastern limit of the Corumbá Group, displayed average 
δ18Ocarb of − 1.9 ‰. This trend is the opposite of what would be expected 
considering that the oxygen isotopes signatures were completely altered 
by post-depositional hydrothermal fluids, as metamorphism and defor
mation are more intense to the east and hydrothermal fluids have 
distinct lighter isotope signature compared to marine carbonates 
(Kaufman and Knoll, 1995). Therefore, this oxygen isotope profile must 
reflect original basin features. The relatively low δ18Ocarb values in the 
western sections may be explained by the influence of meteoric fluids 
(Swart and Oehlert, 2018), which has lower δ18Ocarb compared to ma
rine carbonates and affects shallower regions. The influence of meteoric 
diagenesis verified in the Três Morros and MS-339 sections, as discussed 

Fig. 7. PAAS-normalized REY patterns of samples from the studied sections. Data is displayed in Table 2.  
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Table 2 
PAAS-normalized REY data and related parameters of the samples from the Tamengo Formation.   
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La 0.08617 0.0021 0.02241 0.05306 0.01326 0.00377 0.00165 0.07015 0.00863 0.00178 0.00153 3.43E- 
04 

4.07E- 
04 

0.00224 0.00135 3.63E- 
04 

7.78E- 
04 

0.00693 0.00127 0.02399 5.19E- 
04 

0.00158 

Ce 0.05167 0.00205 0.01601 0.03017 0.01064 0.00374 0.00167 0.04978 0.00807 0.00174 0.00144 3.12E- 
04 

3.70E- 
04 

0.00175 0.00117 3.25E- 
04 

6.69E- 
04 

0.00538 7.42E- 
04 

0.01656 3.69E- 
04 

0.00112 

Pr 0.04468 0.00179 0.01315 0.02566 0.00912 0.00325 0.00154 0.04316 0.00712 0.00152 0.00135 2.86E- 
04 

3.46E- 
04 

0.00174 0.00116 3.07E- 
04 

6.36E- 
04 

0.00558 7.22E- 
04 

0.0182 3.49E- 
04 

0.00117 

Nd 0.04025 0.00176 0.01241 0.02191 0.0088 0.00326 0.00148 0.04045 0.00691 0.00147 0.0013 2.86E- 
04 

3.27E- 
04 

0.0017 0.00112 2.67E- 
04 

6.24E- 
04 

0.00523 7.05E- 
04 

0.01942 3.47E- 
04 

0.00115 

Sm 0.032 0.00228 0.01344 0.0168 0.01 0.00423 0.00199 0.04205 0.00847 0.00183 0.00148 3.57E- 
04 

4.24E- 
04 

0.00193 0.00121 3.31E- 
04 

7.38E- 
04 

0.00564 7.42E- 
04 

0.02162 4.00E- 
04 

0.00143 

Eu 0.03467 0.00254 0.01467 0.01783 0.0099 0.00433 0.00196 0.05441 0.009 0.00182 0.00169 < LD < LD 0.00203 0.00135 < LD < LD 0.00564 < LD 0.0256 < LD 0.00609 
Gd 0.04034 0.00274 0.01821 0.02019 0.01145 0.00516 0.00248 0.05509 0.00958 0.00193 0.00158 3.78E- 

04 
4.59E- 
04 

0.00208 0.00139 3.59E- 
04 

7.48E- 
04 

0.006 0.0011 0.03117 4.91E- 
04 

0.00174 

Tb 0.03114 0.00236 0.01637 0.01541 0.00986 0.0047 0.00214 0.04688 0.00881 0.00178 0.00149 < LD < LD 0.00182 < LD < LD < LD 0.00523 < LD 0.03063 < LD 0.0015 
Dy 0.02904 0.00221 0.01647 0.01437 0.00944 0.0044 0.00198 0.04408 0.00831 0.0017 0.00138 2.70E- 

04 
3.68E- 
04 

0.00162 9.62E- 
04 

2.74E- 
04 

6.12E- 
04 

0.00493 8.81E- 
04 

0.03461 3.19E- 
04 

0.00149 

Y 0.06372 0.00353 0.03653 0.03265 0.01857 0.0083 0.0041 0.09221 0.01597 0.00407 0.0036 0.00163 0.00181 0.00384 0.00308 0.00154 0.00213 0.00611 0.00159 0.08383 0.00189 0.00404 
Ho 0.02954 0.00194 0.01674 0.01426 0.00877 0.00398 0.00179 0.04278 0.00777 0.00151 0.00127 < LD < LD 0.00141 < LD < LD < LD 0.00458 < LD 0.04212 < LD 0.00134 
Er 0.02733 0.00185 0.016 0.01352 0.00831 0.00384 0.00172 0.03832 0.00696 0.00157 0.00129 < LD < LD 0.00145 9.76E- 

04 
< LD 5.24E- 

04 
0.00447 9.31E- 

04 
0.04267 3.62E- 

04 
0.00128 

Tm 0.024 < LD 0.01517 0.01198 0.00779 0.0034 < LD 0.0337 0.00641 < LD < LD < LD < LD < LD < LD < LD < LD 0.00437 < LD 0.04357 < LD < LD 
Yb 0.02029 0.0015 0.01343 0.01058 0.00683 0.00291 0.00138 0.02952 0.0056 0.00131 0.00107 < LD 4.25E- 

04 
0.0012 8.49E- 

04 
< LD 5.01E- 

04 
0.00399 8.24E- 

04 
0.03594 < LD 0.00109 

Lu 0.02132 < LD 0.01314 0.01052 0.00659 0.00282 < LD 0.02856 0.00496 < LD < LD < LD < LD < LD < LD < LD < LD 0.00392 < LD 0.03777 < LD < LD 
Eu/Eu* 1.09352 1.10219 1.02139 1.09236 0.99509 0.9896 0.9599 1.24785 1.04919 1.00757 1.13619   1.07529    1.0244  1.05418  4.19665 
Ce/Ce* 1.04171 1.11871 1.14913 1.00423 1.12413 1.15171 1.0497 1.0809 1.10054 1.11054 1.03165 1.09086 1.01178 0.9826 0.96941 0.91686 1.03084 0.90296 1.00455 0.97114 1.052 0.94629 
La/La* 1.01225 0.75829 0.84035 0.92787 0.85195 0.76139 0.7722 0.93087 0.78431 0.72593 0.87621 0.92127 0.85955 1.22049 1.0529 0.75456 1.00942 1.21644 1.54389 1.99297 1.24744 1.50412 
Y/Ho 2.1569 1.8193 2.18234 2.29012 2.11825 2.08481 2.2906 2.15567 2.05595 2.68682 2.84116   2.71681    1.3348  1.99033  3.01286 
Nd/Yb 1.98352 1.17227 0.92409 2.07142 1.28748 1.11807 1.07082 1.37036 1.23467 1.12513 1.21319  0.76931 1.41364 1.31982  1.24386 1.30951 0.85556 0.54031  1.0546 
Dy/Sm 0.90766 0.9695 1.22492 0.85556 0.94402 1.04041 0.99486 1.0483 0.98104 0.93243 0.9336 0.75724 0.86974 0.84094 0.79666 0.82898 0.82935 0.87267 1.18652 1.60108 0.79929 1.04219 
Tb/Yb 1.53463 1.57252 1.21951 1.45717 1.44305 1.61156 1.54635 1.58817 1.574 1.362 1.388   1.50942    1.31165  0.85222  1.37066 
∑

REY 11.63032  4.03068 6.65684 2.46282 0.9072  11.93668 1.89566         1.2087  6.09417   
Zr 

(ppm) 
0.05677 0.00853 0.06553 0.04089 0.01909 0.02494 0.01278 0.08363 0.02295 0.02637 0.02252 0.00416 0.00301 0.02522 0.00902 0.00251 0.00268 0.01055 5.48E- 

04 
0.01845 8.74E- 

04 
0.00552 

Sc 
(ppm) 

45 53 62 61 72 95 97 76 89 97 99 109 104 103 104 105 107 48 52 52 91 90 

Al (% - 
XRF) 

3.15 0.52 2.68 2.44 2.6 0.63 0.53 3.25 1.16 0.4 0.32 0.13 0.16 0.31 0.35 0.12 0.13 0.21 0.03 0.43 0.31 1.02 

P2O5 
(ppm 
- XRF) 

840 90 190 220 715 400 340 420 480 320 330 490 345 460 560 340 590 790 530 350 190 1230  
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before, supports this interpretation. 

5.4. Evaluation of the carbonate leaching method 

The efficiency of our leaching method for REY analysis of carbonates 
was verified through the relationship between 

∑
REY and the typical 

detrital indicators Zr, Al, and Sc. There is a significant covariation be
tween 

∑
REY and Zr (R2 = 0.67), as well as between 

∑
REY and Al (R2 =

0.70), while there is no significant correlation between 
∑

REY and Sc 
(R2 = 0.35) (Fig. 10). Importantly, only samples from the lower Prin
cesinha section showed relatively high Zr and Al concentrations. This 
suggests that the carbonates from the lower Princesinha section are 

highly impure, with a possible terrigenous influence on the resulting 
REY pattern. The samples from the upper Princesinha, Três Morros, 
Calbon, and MS-339 sections showed considerably low Zr, Al, Sc, and 
∑

REY, suggesting a successful outcome of the carbonate leaching 
method. 

5.4.1. Origin of REY patterns 
Most of the carbonate samples from the Tamengo Formation pre

sented MREE-enriched (MREE-bulge, bell-shaped, or hat-shaped) pat
terns, as indicated by the MREE/LREE and MREE/HREE ratios. These 
patterns are similar to previous REY data from the Tamengo Formation 
in the Corumbá region (Spangenberg et al., 2014), which also presented 
MREE-enriched patterns in addition to flat distributions. MREE-bulge 
profiles are commonly documented in pore waters (Haley et al., 2004; 
Kim et al., 2012) and seawater (Osborne et al., 2015). This enrichment 
pattern is often derived from complex processes, such as preferential 
LREE and HREE adsorption by Mn and Fe oxyhydroxides, respectively, 
resulting in MREE-enriched pore waters (de Baar et al., 1985; Haley 
et al., 2004; Zhao et al., 2021), preferential LREE and HREE uptake 
relative to MREE during precipitation of authigenic phosphate (Bryne 
et al., 1996), preferential MREE adsorption onto Fe–Mn oxyhydroxides 
in the water column followed by release during reductive dissolution of 
Fe–Mn oxyhydroxides in pore waters (Haley et al., 2004; Paul et al., 
2019; Zhao et al., 2021), and REE complexation with organic matter 
(Tang and Johannesson, 2010). The ferruginous conditions of the Edi
acaran seawater, as mentioned before, and the lack of phosphate min
erals in the carbonates of the Tamengo Formation, supports a scenario of 
preferential uptake of MREE onto Fe–Mn oxyhydroxides and subsequent 
dissolution, resulting in MREE-enriched pore waters. Afterwards, REE 
remobilization took place, causing the MREE enrichment in the car
bonates. Additionally, organic matter degradation during early diagen
esis may have played a minor role on the MREE enrichment process, as 
sedimentary organic matter also presents MREE-bulge profiles but have 
about 10 times less REE compared to Fe–Mn nodules (Freslon et al., 
2014). 

Cerium (Ce) behaves differently compared to other REE. In general, 
the REE have oxidation number 3+, but in oxidized environments Ce3+

is partially oxidized to Ce4+, which does not participate in solid-solution 

Fig. 8. Bivariate plots of δ13Ccarb and δ18Ocarb versus Mg/Ca, Mn/Sr and Sr. Note that samples from the lower Princesinha section deviate from other samples in most 
plots. The dashed lines in 0.4 Mn/Sr indicate the cut-off between altered and unaltered samples. Data is given in Table 1. 

Fig. 9. δ18Ocarb versus δ13Ccarb bivariate plot of the studied sections. Data of the 
Calbon section is from Boggiani et al. (2010). Symbols with internal dot 
represent dolomite samples. 
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reactions (Alibo and Nozaki, 1999; German and Elderfield, 1990). As a 
result, oxygenated waters and carbonates formed in equilibrium with 
these waters, display a depletion of Ce with respect to the surrounding 
REE (de Baar et al., 1988), i.e., a negative Ce anomaly. The absence of 
significant negative Ce anomalies in the rocks of the Tamengo Formation 
may indicate carbonate precipitation under anoxic water column or 
diagenetic overprint, which would have caused REY remobilization 
under anoxic diagenesis (German and Elderfield, 1990; Pattan et al., 
2005). The nature of Ce anomalies, if primary or overprinted during 
diagenesis, may be verified through the correlation of this parameter 
with post-depositional indicators, such as Dy/Sm, indicative of MREE 
enrichment, and phosphorus concentration, as precipitation of authi
genic phosphate phases may also lead to MREE enrichment (Pattan 
et al., 2005; Shields and Stille, 2001). There is no significant correlation 
between (Ce/Ce*)n and P2O5 (Fig. 11), suggesting a negligible influence 
of authigenic phosphate on the REY distribution. The (Ce/Ce*)n versus 
(Dy/Sm)n plot also shows no significant correlation (R2 = 0.01) between 
the two parameters with respect to the whole dataset. However, when 
considering only samples from the Princesinha and Três Morros sections, 
i.e., the sections with the most prominent MREE-bulge patterns and 
without positive Eu anomalies, a relatively higher covariation (R2 =

0.45) is observed (Fig. 11). This indicates that in the Princesinha and 

Três Morros sections, the Ce anomalies were partially overprinted dur
ing early anoxic diagenesis, therefore not serving as a reliable paleo
redox proxy in this case. 

In the case of the two samples from the MS-339 section, the positive 
Eu anomaly ((Eu/Eu*)n = 4.2) and the extremely low values of δ18Ocarb 
strongly suggest that the REY pattern was overprinted during the 
percolation of high-T fluids, which are enriched in Eu relative to other 
REY (Bau, 1991). Indeed, the intensity of deformation observed in the 
MS-339 section is considerably higher compared to other sections, with 
intrafoliation folds, milonitization, and hydrothermal brecciation sup
porting this interpretation. 

Features typically attributed to the REY “seawater signal” are 
observed in the REY profiles of the Tamengo Formation, mainly the 
superchondritic Y/Ho ratios (i.e., Y/Ho > 44) and the positive La 
anomalies. The relatively high Y/Ho ratios indicate more relative 
scavenging of Ho compared to Y in the seawater (Bau and Dulski, 1996; 
Nozaki et al., 1997). Therefore, it is likely that the REY distribution of 
the carbonate rocks of the Tamengo Formation were partially over
printed during early anoxic diagenesis, resulting in the preservation of 
some of the original seawater signals, like positive La anomalies and 
superchondritic Y/Ho ratios, as well as developing MREE-enriched 
patterns, absent to slightly positive Ce anomalies, and HREE depletion 
during the diagenetic phase. Samples from the Calbon section may have 
preserved REY pattern more similar to the original seawater, with minor 
negative Ce anomalies, high La anomalies and LREE depletion, in a deep 
water setting. 

5.5. Correlations with the Corumbá region and other Gondwana basins 

The Tamengo Formation in the Corumbá region is relatively well 

Fig. 10.
∑

REY versus Zr, Al, and Sc bivariate plots. Symbols with internal dot 
represent dolomite samples. Data is given in Table 2. 

Fig. 11. (Ce/Ce*)n versus P2O5 and (Dy/Sm)n bivariate plots. The stronger 
correlation in the second plot when considering the samples from the Prin
cesinha and Três Morros sections compared to the first plot suggest a diagenetic 
origin of the Ce anomalies. 
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constrained in terms of facies (Amorim et al., 2020; Oliveira et al., 
2019), geochronology (Parry et al., 2017), biostratigraphy (Adorno 
et al., 2017) and C isotope chemostratigraphy (Boggiani et al., 2010; 
Ramos et al., 2022). However, the same unit in the Serra da Bodoquena 
region (around 200 km south) is poorly constrained in all these fields. 
Nevertheless, there is a clear stratigraphic correlation between the rocks 
of the Corumbá Group in both areas (Almeida, 1965). In both localities, 
the dark limestones of the Tamengo Formation rest above dolomites of 
the Bocaina Formation, often with a basal polymictic breccia layer 
(Fernandes et al., 2022), and underlies shales and siltstones of the 
Guaicurus Formation (Boggiani et al., 2010). The 87Sr/86Sr ratios 
ranging from 0.7083 to 0.7085, verified in both localities (Babinski 
et al., 2008; Boggiani et al., 2010), are also consistent with the Late 
Ediacaran 87Sr/86Sr values according to the global seawater curve. Thus, 
despite the lack of geochronological data, the lithostratigraphy seems to 
be consistent in both Corumbá and Serra da Bodoquena regions, 
allowing for the correlation of stratigraphic units. 

The lowest Tamengo Formation in the Serra da Bodoquena region, i. 
e., the lower Princesinha section, exhibited only one sample with 
negative δ13Ccarb, followed by values around +2 and + 1 ‰. This trend is 
in relatively good agreement with the lower Tamengo Formation in the 
type sections of the Laginha and Corcal mines (Boggiani et al., 2010; 
Ramos et al., 2022), showing that the lower Tamengo Formation is 
marked by slightly negative to slightly positive values in both Corumbá 
and Serra da Bodoquena regions. However, the upper Tamengo For
mation δ13Ccarb record from Corumbá is considerably more positive 
compared to the data from the Serra da Bodoquena region. Compiled 
data show that there is a shift of ca. 2 ‰ between the δ13Ccarb peaks of 
both sites (Fig. 12). One possible explanation for this shift is that the 
sections in Corumbá would represent an overall shallower sector of the 
carbonate ramp, predominantly above the chemocline and consequently 
with higher δ13Ccarb values (Spangenberg et al., 2014). Indeed, there are 
no sections of the Tamengo Formation in Corumbá that are interpreted 
as deep water settings (Amorim et al., 2020). Alternatively, the studied 
sections in Corumbá and Serra da Bodoquena may have been focused on 
different time intervals within the deposition of the Tamengo 
Formation. 

Intriguingly, the overall δ13Ccarb records in coeval Gondwana car
bonate platforms differ greatly, such as the case of the Tamengo For
mation (in both Corumbá and Serra da Bodoquena regions, as mentioned 
above), Itapucumi Group (Paraguay) and Nama Group (Namibia) 
(Fig. 12). All these records roughly cover the Late Ediacaran ca. 

550–538 Ma interval but have δ13Ccarb peaks ranging from +2 ‰ (Ita
pucumi and Nama groups) to +5 ‰ (Tamengo Formation in Corumbá). 
This difference may be related to latitudinal gradients in the δ13C of 
surface seawater DIC, similarly to the modern oceans (Dentith et al., 
2020; Murnane and Sarmiento, 2000), or to the degree of basin re
striction. The Bambuí Group, for instance, also a Late Ediacaran to Early 
Cambrian carbonate platform, presents extremely high δ13Ccarb (up to 
+15 ‰) values during the Ediacaran–Cambrian transition due to intense 
basin restriction and methanogenesis (Caetano-Filho et al., 2021; Cui 
et al., 2020; Uhlein et al., 2019). 

Notwithstanding the local factors that may influence the value of 
δ13Ccarb, shifts in the δ13Ccarb of open-marine sections may reflect global 
changes of the carbon cycle (Bowyer et al., 2022). The values from +3 to 
+5 ‰ of the studied sections are consistent with the late Ediacaran 
positive plateau (EPIP; Zhu et al., 2017), after ca. 550 Ma. None of the 
studied sections present evidence of the Basal Cambrian Negative 
δ13Ccarb Excursion (BACE; Zhu et al., 2006), which suggests that the 
Tamengo Formation sedimentation did not last until the onset of the 
BACE, around 539 Ma (Bowyer et al., 2022). In fact, there are no high 
amplitude carbon isotope excursions documented in the Tamengo For
mation upwards, as the magnitude of the δ13Ccarb signal remains rela
tively stable throughout most of the Tamengo Formation carbonate 
sedimentation around EPIP values. Further high-resolution chemo
stratigraphy studies must be carried out in order to investigate the 
complete range of correlative δ13Ccarb in the Tamengo Formation. 

6. Conclusions 

The Tamengo Formation is a key sedimentary succession in the 
Southern Paraguay Belt that records the environmental and biological 
changes during the Late Ediacaran. Previous works on the Tamengo 
Formation focused on its type sections in the Corumbá area. This work 
extends the investigations on the Tamengo Formation to the Serra da 
Bodoquena region, approximately 200 km south. The Princesinha, Três 
Morros, and MS-339 sections show ooid grainstone-dominated succes
sions with wavy, hummocky and swaley cross-stratification interbedded 
with shales and marls. This facies association is consistent with a storm- 
dominated carbonate inner to mid-ramp setting. Pyrite framboids are 
ubiquitous in these sections and their average size points to a mixture of 
syngenetic and diagenetic framboids under water column shifting from 
dysoxic to sulfidic. 

The isotope record of the Tamengo Formation in the Serra da Bod
oquena region is mainly marked by positive values around +3 to +5 ‰ 
that match the EPIP before the onset of the BACE. Minor short-lived 
negative excursions linked to facies variations and a regional trend in 
decreasing average δ13Ccarb from west to east are consistent with a C 
isotope depth gradient, resulted from seawater redox stratification that 
led to a large DOC pool in bottom waters and subsequent 13C-depleted 
DIC. There is a shift of approximately 2 ‰ between the Tamengo For
mation δ13Ccarb record from Corumbá and Serra da Bodoquena regions. 
This offset may be linked to either differences on the predominant ramp 
sector of each locality or to different temporal constraints. The overall 
δ13Ccarb of the Tamengo Formation also differs from other coeval 
Gondwana basins, such as the Nama and Itapucumi groups, which may 
be related to latitudinal differences on the C isotope composition of DIC 
or to the degree of basin restriction. 

Most of the rare earth elements and yttrium profiles of the carbonates 
of the Tamengo Formation display a MREE-bulge pattern, associated 
with preferential MREE adsorption onto Fe–Mn oxyhydroxides and 
subsequent release in pore waters, where REY remobilization took place. 
In this case, the samples from the Tamengo Formation record some of 
the original seawater signals, such as positive La anomalies and super
chondritic Y/Ho ratios, as well as early anoxic diagenetic processes, 
represented by the MREE-bulge pattern and the absent to slightly posi
tive Ce anomalies. 

Fig. 12. Density curves of the δ13Ccarb data of the Tamengo Formation from 
Corumbá and Serra da Bodoquena regions, Itapucumi Group, and Nama Group. 
Data of the Serra da Bodoquena are from this work and Boggiani et al. (2010). 
Data of Corumbá are compiled from Boggiani et al. (2010), Caetano-Filho 
(2020), Rivera (2019), and Spangenberg et al. (2014). Data of the Itapucumi 
Group is from Warren et al. (2017). Data of the Nama Group is from Wood et al. 
(2015), Bowyer et al. (2022), Saylor et al. (1998), and Smith (1998). Complete 
dataset is displayed in Table S1. 
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