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late Ediacaran and early Paleozoic. To track redox changes during this transition, we present new trace
element, total organic carbon and both inorganic and organic carbon isotopes, and the first iron specia-
tion data on the Tamengo and Guaicurus formations of the Corumba Group in western Brazil, which
record important paleobiological changes between 555 Ma to < 541 Ma. The stratigraphically older
Tamengo Formation is composed mainly of limestone with interbedded marls and mudrocks, and bears

ﬁfﬁﬁgﬁénc oxygenation fragments of upper Ediacaran biomineralized fossils such as Cloudina lucianoi and Corumbella werneri. The
Gondwana younger Guaicurus Formation represents a regional transgression of the shallow carbonate platform and
Redox proxies is composed of a homogeneous fine-grained siliciclastic succession, bearing meiofaunal bilateral burrows.
Iron speciation The new iron speciation data reveal predominantly anoxic and ferruginous (non-sulfidic) bottom water
Ediacaran biota conditions during deposition of the Tamengo Formation, with Feyg/Fer around 0.8 and Fepy/Feyr below
Redox-sensitive elements 0.7. The transition from the Tamengo to the Guaicurus Formation is marked by a stratigraphically rapid

drop in Feyg/Fer to below 0.2, recording a shift to likely oxic bottom waters, which persist upsection.
Redox-sensitive element (RSE) concentrations are muted in both formations, but consistent with non-
sulfidic bottom water conditions throughout. We interpret the collected data to reflect a transition
between two distinct paleoenvironmental settings. The Tamengo Formation represents an environment
with anoxic bottom waters, with fragments of biomineralized organisms that lived on shallower, proba-
bly mildly oxygenated surficial waters, and that were then transported down-slope. Similar to coeval suc-
cessions (e.g., the Nama Group in Namibia), our data support the hypothesis that late Ediacaran
biomineralized organisms lived in a thin oxygenated surface layer above a relatively shallow chemocline.
The Guaicurus Formation, on the other hand, records the expansion of oxic conditions to deeper waters
during a sea level rise. Although the relationship between global biogeochemical changes and the activ-
ities of early bioturbators remains complex, these results demonstrate an unequivocal synchronous rela-
tionship between oxygenation of the Corumba basin and the local appearance of meiofaunal bioturbators.
© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Reconstructing past oceanic and atmospheric redox conditions

is essential to unravel possible feedback mechanisms between
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paleontological and sedimentological data in stratigraphic sec-
tions, geochemical proxies for paleoredox conditions can poten-
tially provide crucial information on how the biosphere
responded to periods of major paleoenvironmental change and
vice-versa.

The Proterozoic-Phanerozoic transition is recognized as one of
the most extreme periods of coupled lithosphere-atmosphere-bio
sphere variation in the geological record, registering major plate
tectonics reorganizations (Merdith et al., 2017), extreme climatic
fluctuations (Hoffman et al., 2017), the initial diversification of ani-
mals and complex ecological behaviors (Xiao and Laflamme, 2009;
Erwin et al., 2011; Wood et al., 2019; Bowyer et al., 2022), and a
potential, albeit probably protracted, rise in atmospheric oxygen
(Shields-Zhou and Och, 2011; Och and Shields-Zhou, 2012; Cole
et al., 2020). Links between all of these processes are widely
assumed (although still requiring considerable validation), and
changes in seafloor redox conditions are commonly considered as
potential key influences on early animal diversification (e.g.,
Mills and Canfield, 2014; Cole et al., 2020). Although the exact evo-
lutionary mechanism(s) by which oxygen influenced animal evolu-
tion are unclear, it was most probably through crossing of critical
ecological thresholds at low O, (Sperling et al., 2013, 2022) and
through stabilization of metazoan extinction rates after O, rose
to near-modern levels during the early Phanerozoic (Saltzman
et al,, 2015; Stockey et al., 2021).

A growing, multi-proxy body of analysis of Neoproterozoic to
early Cambrian basins around the world has progressively replaced
early views of a monotonic rise in atmospheric oxygen levels dur-
ing this time frame towards a more nuanced and dynamic view,
with protracted and heterogeneous oxygenation (and de-
oxygenation) of the marine realm spanning through the early
Phanerozoic (Shields-Zhou and Och, 2011; Och and Shields-Zhou,
2012; Sperling et al., 2015; Wood et al.,, 2015; Bowyer et al,,
2017; Dahl et al., 2017; Jin et al., 2018; He et al.,, 2019; Wei
et al,, 2018; Tostevin and Mills, 2020). In order to understand
and further quantify the influence of rising oxygen levels in the
early evolution and diversification of complex organisms that took
place in this complex redox landscape, detailed chemostratigraphic
reconstructions of key sedimentary basins that yield fossil rem-
nants of these organisms is demanded.

Amongst the myriad techniques currently used for tracking
ancient oceanic and atmospheric redox conditions, iron-based
proxies are normally considered as one of the most effective and
reliable tools, especially through the iron speciation technique,
i.e., the quantification of the iron contents in distinct phase pools
that are highly reactive (Feyr) towards sulfide on early diagenetic
timescales (Poulton and Canfield, 2005, 2011; Lyons and
Severmann, 2006; Raiswell et al., 2018; Bowyer et al., 2020).
Although originally developed for fine-grained siliciclastic rocks,
further work demonstrated the viability of the iron speciation
proxy for other rock types such as carbonates, provided they yield
sufficient total iron contents to buffer post-depositional enrich-
ments in Fe, such as those caused by late-stage deep burial dolomi-
tization (Clarkson et al., 2014). The arbitrary cut-off is normally set
at around 0.5 wt.% Fe (Clarkson et al., 2014), but in practice, the
reliability of iron speciation data to reflect redox trends of the orig-
inal bottom waters can be assessed by the concordance of the
proxy when applied to distinct rock types in the same section,
e.g., siliciclastic horizons interbedded or associated with carbonate
rocks in the same depositional cycle, and by the concordance of the
acquired dataset with interpretations drawn by the use of other
redox proxies in the same section (e.g. Tostevin et al., 2016).

Here, we present the first iron speciation data, along with novel
trace element measurements, total organic carbon (TOC) contents
and both inorganic and organic carbon isotopes, of mudstone, marl
and carbonate samples of the Corumba Group (Almeida, 1965) in
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western Brazil (Figs. 1 and 2). The two uppermost units of this
group, the Tamengo and Guaicurus formations, contain fragments
of late Ediacaran index biomineralizing fossils such as Cloudina
lucianoi (Beurlen and Sommer, 1957) and Corumbella werneri
(Hahn et al., 1982) and meiofaunal bilaterian burrows (Parry
et al., 2017). All this evidence indicates a complex ecological
behavior throughout this section, which spans one of the most
important intervals of biological innovation, the Ediacaran/Cam-
brian transition. The goal is to contribute to the ongoing debate
on the influence of oxygen availability and biogeochemical condi-
tions on the paleoenvironmental settings that allowed for the ini-
tial diversification of complex life forms during this key time frame
in Earth’s story.

2. Geological context

The Paraguay Belt is a curvilinear fold-and-thrust belt related to
the Brasiliano Orogeny in western Brazil (Fig. 1), composed of Neo-
proterozoic to Cambrian metasedimentary and volcanoclastic units
deposited in the southern and eastern margins of the Amazon Cra-
ton and Rio Apa block, respectively, that were deformed and meta-
morphosed during the amalgamation of western Gondwana, ca.
540 Ma (Tohver et al., 2010; McGee et al., 2012). The Paraguay Belt
is usually subdivided into a northern, N/NW-verging sigmoidal
segment bordering the southern margin of the Amazon Craton
and a southern, W-verging segment bordering the eastern margin
of the Rio Apa block, with the Corumba graben system at the cen-
tral portion linking those two fold belt arms and the WNW-
trending Tucavaca Aulacogen that separates the Amazon Craton
and Rio Apa block to the west, in Bolivia (Jones, 1985; Trompette
et al., 1998; Walde et al., 2015). The Corumba graben system is
dominated by high-angle normal faults trending dominantly NE-
SW and is filled by the Corumba Group.

The Corumba Group (Almeida, 1965; Boggiani, 1998) comprises,
from bottom to top, the Cadieus, Cerradinho, Bocaina, Tamengo
and Guaicurus formations. The first two units are dominated by
detrital sedimentation with conglomerates, arkoses and shales,
representing syn-rift sedimentation, while the post-rift Bocaina
Formation comprises stromatolitic dolomites and phosphorites.
The Tamengo and Guaicurus formations are studied in the present
work and will be further detailed.

The Tamengo Formation comprises, from bottom to top, brec-
cias and dolomites followed by thick dark gray limestones with
interbedded mudrocks (Boggiani, 1998). Boggiani (1998) inter-
preted the Tamengo Formation as representing, at the breccia-
dominated base of the succession, turbiditic sedimentation in a
reworked slope, with progressively higher sea level towards the
top of the unit, dominated by shelf carbonates and mudstones.
According to Boggiani et al. (2010) and Fernandes et al. (2022)
the basal breccias of the Tamengo Formation record an uplift cycle,
resulting in the expression of regional drop in base level and caus-
ing the erosion of the carbonates found below, in the Bocaina For-
mation. The basal breccia and the lower part of the unit is marked
by negatively fractionated 6'3C values (ca. —3%o; Boggiani et al.,
2010). The shelf carbonates marking a transgressive event upsec-
tion record a positive 6'3C excursion (up to +5%o) (Boggiani et al.,
2010; Spangenberg et al., 2014; Ramos et al., 2022). Cloudina lucia-
noi (Beurlen and Sommer, 1957) shells are found in the latter lime-
stones, and Corumbella werneri (Hahn et al., 1982) occur in the
associated mudrocks (Almeida, 1965; Zaine, 1991; Boggiani,
1998; Gaucher et al., 2003; Boggiani et al., 2010).

In the studied Laginha quarry (Fig. 2), the Tamengo Formation is
composed, at the base, of ca. 20-m thick interval of carbonate brec-
cia followed by ca. 8 m of dolostone layers, which in turn is capped
by ca. 30 m of rhythmic facies including dark grainstone layers,
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Fig. 1. Schematic geology of the Paraguay Belt in western Brazil. The inset at the bottom right shows the approximate position in western Gondwana. The studied area is
marked in the red rectangle. Modified after Caxito et al. (2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

locally with Cloudina fragments, interleaved with laminated
mudrocks (mudstones, marls and lime mudstones). The contact
between the Tamengo and Guaicurus Formations, at ca. 60 m in
the section, is interpreted as abrupt (Adorno et al., 2017), but in
other places it has been interpreted as transitional with interbed-
ding of mudstones toward the top of the carbonate-dominated suc-
cession of the Tamengo Formation (Campanha et al., 2011).

The fossil occurrences of Cloudina and Corumbella in the
Tamengo Formation are essentially allochtonous, with variably
fragmented and fractured specimens, sometimes concentrated in
single horizons, with clear signs of reworking and deposition along
with fine-grained siliciclastics and carbonates (Pacheco et al.,
2015; Amorim et al., 2020). Although Amorim et al. (2020) recog-
nized the good preservation of the thin and delicate Corumbella
walls in some specimens as possible indicators of little to no
reworking, the authors also present an alternative explanation of
deposition in predominantly low-energy settings. Thus, no defini-

tive arguments were presented for the occurrence of parau-
tochthonous Cloudina or Corumbella in the Tamengo Formation.

The Guaicurus Formation consists of homogeneous silt/mud-
stone with plane-parallel lamination defined by the alternation
of lighter and darker silt/mud laminae, deposited offshore, below
the storm wave level (Boggiani, 1998; Gaucher et al., 2003;
Oliveira, 2010) and marking the maximum flooding of the basin.
Samples with ichnofossils interpreted as meiofaunal bilaterian
burrows were recovered ca. 7 m above the base of the Guaicurus
Formation in the Laginha quarry, and elsewhere at the top of the
Tamengo Formation (Parry et al., 2017). Synsedimentary structures
such as slumps and load structures are interpreted in local places
(Fazio et al., 2019), but these have not been related to a possible
sedimentary setting such as a slope.

X-ray diffraction analysis (Fazio et al., 2019) of the laminated
mudrocks of the Tamengo Formation revealed quartz, smectite,
chlorite and illite as major components; the latter three dominate
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the clay fraction. Calcite and dolomite occur in the marl/limestone
end-members, and goethite, albite, pyrite and gypsum were
detected as minor components. The Guaicurus Formation siliciclas-
tics, on the other hand, broadly lack smectite, with quartz, illite
and chlorite along with albite as major to minor components. Addi-
tionally, at the boundary between the two units, kaolinite was also
detected as a major component in siliciclastic rocks, and 10 m
above the contact, gypsum is a major component along with
quartz, illite and kaolinite, with vermiculite and calcite as minor
components. X-ray fluorescence analysis revealed broadly similar
major oxide composition of siliciclastics from both the Tamengo
and Guaicurus formations, with SiO, and Al,0O3 varying, respec-
tively, from 47.3 to 65.07 wt.% and from 14.06 to 17.94 wt.%,
Fe,03 of 5.14-7.97 wt.%, MgO of 1.71-5.79 wt.% and K0 of 3.01-
5.74 wt.%. The main difference between the two units is the
Na,O contents, less than 0.1 wt.% in the Tamengo and greater than
1.0 wt.% in the Guaicurus siliclastics. CaO contents are normally
below 1 wt.% but can reach ca. 5 wt.% in isolated samples of the
Guaicurus Formation, while it can reach up to 15 wt.% in samples
interleaved in otherwise predominantly siliciclastic intervals of
the Tamengo Formation.

The presence of index fossils such as Cloudina lucianoi and
Cloudina carinata (Cortijo et al., 2010) and chemostratigraphic cor-
relations of the C and Sr isotope curves (87Sr/®6Sr ratios around
0.7084) assign a terminal Ediacaran age for the Tamengo Forma-
tion (Gaucher et al., 2003; Boggiani et al., 2010; Adérno et al.,
2019b). Meiofaunal bilaterian burrows were found in the Guaicu-
rus Formation and in the topmost mudstones interleaved with car-
bonates of the Tamengo Formation (Parry et al., 2017), indicating
that the transition between the two units might span the Edi-
acaran/Cambrian boundary. This is also supported by organic-
walled microfossils (Adorno et al., 2019a). Furthermore, U-Pb
dating of igneous zircons extracted from volcanic ash layers

corroborate this interpretation, with ages of 541.85 + 0.75 Ma
and 542.37 + 0.28 Ma for the topmost Tamengo Formation and of
555.18 + 0.3 Ma for the top of the underlying Bocaina Formation
(Parry et al., 2017). Thus, deposition of the Tamengo Formation is
bracketed between 555 and 542 Ma, whereas the Guaicurus For-
mation was probably deposited during the early Cambrian.
Inversion of the Corumba graben system and deformation of the
Corumba Group initiated at around 540-520 Ma, following the last
compressional events of the Brasiliano Orogeny due to collision of
the Amazon, Rio Apa, and Pampia paleocontinents with the core of
western Gondwana (Tohver et al., 2010; McGee et al., 2012).

3. Materials and methods

Samples studied in this work were previously collected and
analyzed by Fazio et al. (2019) for petrography, X-ray diffraction
and X-ray fluorescence. They correspond to the Laginha quarry sec-
tion of the previously cited work, including siliciclastic, carbonate
and mixed (marl) facies of the Tamengo Formation, and siliciclastic
mud/siltstones of the Guaicurus Formation. The data acquired by
Fazio et al. (2019) confirm that the samples are within anchizone
facies, with clay mineral paragenesis composed of illite + chlorite +
quartz in the Guaicurus Fm. and additional smectite in the
Tamengo Formation, which are indicative of diagenetic but not of
hydrothermal processes. Homogeneous samples, free of visible
weathering, veining and other post-depositional alteration fea-
tures, were crushed to a fine powder in a tungsten carbide shatter-
box in preparation for the trace element, total organic carbon, and
iron speciation analysis.

Major and trace element analysis was performed by SGS Miner-
als in Vancouver, Canada following standard 4-acid digestion (HCI/
HCIO4/HF/HNO3). Major elements were measured by ICP-OES on a
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Perkin Elmer Optima 53000DV or 8300DV, and trace elements
were measured by ICP-MS on a Perkin Elmer Elan 9000 or Nexion
300D. United States Geological Survey shale standards SBC-1 and
SGR-1 were run alongside samples and results showed good agree-
ment with published values (all data in Supplementary Data
Table S1).

Sequential iron extraction of the powdered sample aliquots was
performed in the Sedimentary Geochemistry Laboratory of the
Stanford Doerr School of Sustainability, and followed the proce-
dures of Poulton and Canfield (2005), with determination of three
distinct reactive iron pools: Fe.,, (iron in carbonates such as side-
rite and ankerite), extracted using a 48-h sodium acetate reaction
at 50 °C, Feyy (iron in ferric (oxyhydr)oxide minerals such as ferri-
hydrite, lepidocrocite, goethite, hematite), using a 2-h sodium
dithionite reaction, and Fep,,g (mixed-valence phases such as mag-
netite), using a 6-h ammonium oxalate reaction. Although these
extractions are designed to target specific minerals, they are recog-
nized to represent operational extractions and are not perfectly
selective, especially the oxalate extraction (Poulton and Canfield,
2005; Slotznick et al., 2020). Iron contents in each pool were deter-
mined through the ferrozine spectrophotometric method (Stookey,
1970). The last reactive iron pool, Fe,y (iron in pyrite) was deter-
mined through the chromium reduction of sulfur (CRS) method
(Canfield et al., 1986). Approximately 0.1-0.2 g of powdered sam-
ple was added to a reaction vessel, acidified using 20 mL of 6 N HCl,
and reacted with 20 mL of 1 M chromous chloride acidified to 0.5 N
HCI, heated to near-boiling for 2 h and purged of air using nitrogen
gas. The resulting sulfide gas was trapped in a zinc acetate solution
and, after filtration, pyrite contents and iron in pyrite were calcu-
lated following gravimetric measurement. Samples were run
alongside the same set of internal lab standards with consistent
results. Detailed methods and estimates of precision can be found
in the Supplementary Material of Sperling et al. (2021). Total Fe
contents used in the calculation of Feyr/Fet are the ones obtained
from SGS Minerals as described above.

An aliquot of the samples was leached in 3 N HCI for 24 h and
then sequentially rinsed three times with de-ionized water to
remove carbonates. The leached residue was analyzed for Total
Organic Carbon on an ECS-8020 elemental analyzer from NC Tech-
nologies at the Environmental Measurements Facility, Stanford
Doerr School of Sustainability, along with in-house standards for
calibration. The organic carbon isotope analysis was carried out
at the Stable Isotope Biogeochemistry Laboratory, Stanford Univer-
sity, using a ThermoFisher Scientific EA IsoLink IRMS Elemental
Analyzer for CN, interfaced with a ThermoFisher Scientific Delta
Q mass spectrometer via a ConFlo IV unit. External precision
(1o) of both carbon and nitrogen isotope data is < 0.1%o, based
upon repeated measurements of USGS 40. The 4'3C,, values are
reported relative to VPDB.

Carbonate carbon and oxygen isotopes for some of the studied
samples were formerly presented by Ramos et al. (2022). To this
dataset, we add eight new data points from both limestone and
marl samples. Inorganic carbon and oxygen isotope analysis were
conducted at the Stable Isotope Laboratory (LABISE) of the Depart-
ment of Geology, Universidade Federal de Pernambuco. Carbonate
samples had their CO, extracted on a high vacuum line after reac-
tion with phosphoric acid at 25 °C, and cryogenically cleaned.
Released CO, gas was analyzed for O and C isotopes in a double
inlet, triple collector mass spectrometer (VG-Isotech SIRA II), using
the BSC reference (Borborema Skarn Calcite) that was calibrated
against NBS-20. The external precision, based on multiple standard
measurements of NBS-19, was better than 0.1%. for carbon and
oxygen.

Iron speciation, carbonate content, TOC and carbon isotope
results are presented in the Supplementary Data Table S2.

Geoscience Frontiers 15 (2024) 101810
4. Results and interpretation

4.1. Interpretation of the iron speciation, trace element and carbon
data

Calibration of the iron speciation proxy in modern and Phanero-
zoic marine sediments has demonstrated that Feyg/Fer (the ratio of
highly reactive versus total iron in a given sample) ratios are gen-
erally below 0.38 for samples deposited under oxic water column
conditions, with an average of 0.14 + 0.08 for ancient oxic samples
(Poulton and Canfield, 2005; Raiswell et al., 2018). Samples that
were rapidly deposited may not have had time to gain the authi-
genic enrichments that the iron speciation proxy attempts to fin-
gerprint, and modern anoxic turbiditic samples have a Feyg/
Fer > 0.2. Thus, a conservative approach considers samples with
Feyr/Fer < 0.22 as probably deposited under oxic water column
conditions and those with Feyr/Fer > 0.38 under anoxic conditions,
with those plotting in between interpreted as ambiguous (Poulton
and Canfield, 2011). The ratio of iron in pyrite to the sum of highly
reactive iron pools (Fepy/Feyg) further allows to discrimination of
anoxic samples probably deposited under ferruginous (non-
sulfidic) or euxinic (anoxic with free sulfide) conditions, with a
threshold at about 0.7 based on studies on Phanerozoic sedimen-
tary rocks (Mdrz et al., 2008). Recently, these iron speciation
thresholds were challenged by Pasquier et al. (2022), who sug-
gested they held little predictive information. However, the compi-
lation used by the authors included a number of samples that
would be deemed inappropriate for iron speciation according to
Raiswell et al. (2018). Consequently, while it is clear that these
thresholds should be revisited, we use the established thresholds
from Raiswell et al. (2018). In iron speciation analysis, changes in
total iron contents are not as important as the ratios of highly reac-
tive iron to total iron (Feyr/Fer). Thus, although there are litholog-
ical controls on some element concentrations, such as an increase
in Fe and Al upsection (Supplementary Data Table S2), which is
clearly controlled by a lithological change from carbonate-rich
facies of the Tamengo Formation to siliciclastics of the Guaicurus
Formation, the overall iron speciation trends should not be affected
unless there are dramatic changes in detrital Feyg/Fer ratios (dis-
cussed further below).

The most prominent feature of the acquired dataset is the sharp
decrease, in the Tamengo/Guaicurus transition, of Feyg/Fer values,
from ca. 0.7-0.8 throughout the Tamengo Formation to below 0.2
in the Guaicurus Formation, with some intermediate values at
around 60 m in stratigraphic height (Fig. 3). This indicates likely
anoxic conditions for bottom waters during deposition of the
Tamengo Formation, with Fe,y/Feyg around 0.2-0.6 further indicat-
ing predominantly ferruginous conditions. Allochtonous Cloudina
and Corumbella fragments found in specific levels within the
Tamengo Formation indicates, however, that at least a shallow oxic
layer must have existed for these organisms to survive in the plat-
formal setting, before being washed out and transported along
with carbonate debris towards the deeper, ferruginous basin. It is
important to note that the ferruginous nature of the Tamengo For-
mation is observed in both carbonate, marl and mudstone samples
of this unit, indicating a consistent trend for deposition under
anoxic bottom water conditions independent of the lithotypes or
total iron contents.

Upon drowning of the basin and deposition of the Guaicurus
Formation, however, the redoxcline quickly deepens, eventually
reaching the sediment/water interface. While this dramatic change
in Feyr/Fer values does occur near a prominent lithological transi-
tion, this in itself is unlikely to explain the observed geochemical
trend. Iron speciation is based on identifying authigenic enrich-
ments in Feyr above the normal detrital background input. Thus,
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Fig. 3. Chemostratigraphic trends of the Corumba Group at the Laginha Quarry. Age constraints after Parry et al. (2017). From left to right, geochemical plots represent iron
speciation Feyr/Fer and Fe,/Feyg ratios (with interpretive thresholds derived from Raiswell et al., 2018), the cumulative proportion of different highly reactive iron pools, Fer/
Al ratios, the percentage carbonate as determined gravimetrically from acidification, total organic carbon (TOC) weight percent, inorganic and organic carbon isotope ratios as
represented by 6'3Cearp, (%0) and «S”Cmg (%0), respectively, the difference between the inorganic and organic carbon isotope ratios represented by A'3C, oxygen isotope ratios in
the carbonate fraction represented by 6'®0c.p, (%0) and the relative abundances of redox-sensitive elements molybdenum (Mo), uranium (U) and vanadium (V) in ppm.
Enrichment factors and normalizations to TOC or other variables are not presented as most of the concentrations are below or close to typical crustal values, indicating
detrital rather than authigenic abundances. Although Parry et al. (2017) described trace fossils at the top of the Tamengo Formation elsewhere, in the Laginha Quarry they
only occur at the Guaicurus Formation. Some of the inorganic carbon and oxygen isotope data are compiled from Ramos et al. (2022), with addition of eight new data points as

reported in the Supplementary Data Table S2.

it is a ‘one-sided test,” with enrichments signifying anoxic condi-
tions but a lack of enrichment being less clear (although most gen-
erally this represents a solely detrital iron input under oxic
conditions). But, there are conditions in which large enrichments
do not develop (reviewed by Chen et al., 2020). If the lithological
change was associated with the development of rapid sedimenta-
tion, such as in turbiditic systems, there may not be time for authi-
genic enrichments to develop. Alternatively, if there were
essentially zero detrital highly reactive iron delivered to the basin,
then a Feygr/Fer of ~0.15 would represent an authigenic enrich-
ment. Such a situation is extremely rare, though, and does not
match the tectonic setting and source areas for the Guaicurus For-
mation (Boggiani et al., 2010; Fazio et al., 2019). Thus, and as
expanded upon in the discussion, it is most likely that the litholog-
ical change represents the expression of a common tectonic or
paleoceonographic driver that resulted in both lithological change
and oxygenation, as opposed to a feature that artifactually resulted
in geochemical signals. Although we attempt to keep geochemical
and paleontological signals independent in our paleoenvironmen-
tal analysis, the presence of the trace fossils does further confirm
the geochemical inference of oxygenated bottom waters.

The Fet/Al proxy has been used in iron-based redox proxy stud-
ies based on the rationale that the enrichment in highly reactive
iron observed in anoxic settings should produce a measurable
increase in this ratio compared to oxic settings (Lyons and
Severmann, 2006). In practice, detecting these enrichments depend
on the determination of the detrital baseline Fer/Al ratios, which
can widely vary throughout the evolution of a sedimentary basin.
Suggested typical baselines for oxic conditions vary as widely as
ca. 0.47 + 30, with thresholds for interpreting anoxic conditions
above 0.66 or 0.77 (Raiswell et al., 2018). The best approach is to
have a clearly defined idea of the local baseline, which is not pos-
sible in the single section studied here. In any case, Fer/Al in the
Laginha Quarry is quite consistent throughout the analyzed sec-
tion, around 0.5-0.6, although some of the carbonate-rich samples
of the Tamengo Formation show some enrichments of 0.8-0.9, con-
sistent with anoxia.

TOC (Total Organic Carbon) contents follow the iron speciation
trend, with higher values around 1% in the mudstones of the
Tamengo Formation superseded by homogeneously muted low
TOC < 0.2% in the Guaicurus Formation. Organic matter was prob-
ably highly oxidized before reaching the sediment/water interface
during deposition of the latter. Also, bioturbation may have caused
bioirrigation, mixing the overlying water and porewater, thus
increasing oxygen concentration in sediments and organic matter
remineralization. Organic carbon isotope ratios are very consistent
with 6'3C,, around —27%. throughout the section. Previous inor-
ganic carbon isotope analysis of the carbonate-rich samples of
the Tamengo Formation in the Laginha quarry (Ramos et al.,
2022), along with eight new datapoints added to this dataset
(Fig. 3), however, indicates a sharp shift with values consistently
around +4%. in the 30-45 m section and +2%. above that in the
Tamengo Formation, with associated §'®0 mostly around —7%.
The combined isotopic data indicate relatively lower A'3C (the dif-
ference between inorganic and organic ¢'3C) of ca. 30%. below and
27%o above the ca. 45 m mark. In a study using different samples
from the Corumba Group, including different samples from the
Laginha Quarry, Spangenberg et al. (2014) also detected this varia-
tion on A'3C from the middle to the upper portion of the Tamengo
Formation. The relatively higher A'3C below the 45-m mark is
interpreted as part of a major positive carbon isotope excursion
(EP2), which the authors interpret as generated by enhanced pri-
mary productivity related to increased p(CO,), nutrient supply
and possible changes of the primary producer communities. The
drop on §'3Ce,y, values at the top of the Tamengo Formation would,
in this scenario, represent a low productivity period. Other possi-
bilities include one or both records (inorganic and organic 6'3C)
being affected by diagenesis or not recording open-ocean dissolved
inorganic carbon (Ahm and Husson, 2022), changes in O,-
dependent carbon isotope fractionation by phytoplankton
(Saltzman et al., 2015; although note the change indicated by the
carbon isotopes would be opposite the local redox change we
observe), or the influence of detrital organic carbon (Johnston
et al., 2012; this may especially explain some of the invariance of
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the values in the stratigraphically higher Guaicurus Formation).
We also note that this inorganic carbon isotope shift is only con-
strained by a few data points and a more detailed record from
directly paired samples would be informative. This possible change
in A'3C represents a prospect for future study in the Corumba
Group and other late Ediacaran basins worldwide.

RSE (Redox-Sensitive Element) concentrations are generally
muted throughout the section. There is a difference in V contents,
which are above 100 ppm in the Guaicurus Formation and below
that in the Tamengo Formation. However, Al and Zr versus V con-
centrations give a well-defined correlation for the Guaicurus shales
(R? = 0.6; not shown), thus suggesting a detrital rather than authi-
genic origin for V enrichment. U is homogeneous throughout, with
values between 2 and 3 ppm for both units. Mo concentrations are
muted in both units, with only slightly higher concentrations in the
Guaicurus Formation, but mainly below the upper crustal average
of 1.1 ppm (Rudnick and Gao, 2003); thus, commonly used calcu-
lations to determine the authigenic fractions of Mo and U using
crustal values and estimates for detrital inputs return negative val-
ues and are not presented here. Metal/aluminum input to the basin
was probably lower than average (although not unexpectedly so
given observed regional variation in modern basins; Cole et al.,
2020), and the abundances in the sediments observed are primarily
detrital and not authigenic (note that minor authigenic enrichment
may be present in the Tamengo Formation, but the overall signal is
dominantly detrital). For this reason, we do not present metal/TOC
or other similar plots, as they would track the plot of a biogeo-
chemically conservative element (e.g. Al/TOC) because there is no
authigenic enrichment, only detrital input. These muted trace
metal concentrations support deposition under non-sulfidic bot-
tom water conditions. The low Fe /Feyg values corroborate this
interpretation, indicating the lack of free sulfide in the water col-
umn when bottom waters were anoxic.

A more nuanced interpretation of the changes in bottom water
redox conditions can be obtained by analyzing the stratigraphic
distribution of the individual reactive iron pools (Fig. 3). In this dis-
tribution, it is clear that Fepx dominates the highly reactive iron
pool during deposition of the Tamengo Formation, followed by
Fepy, while Fec,, is the main reactive phase during deposition of
the Guaicurus Formation, followed by Fep,,s. These trends can be
explained by a model (Fig. 4) that starts with a stratified basin with
an oxic shallow carbonate platform adjacent to anoxic ferruginous
deeper waters, with occasional input of relatively siliciclastic sed-
iment during deposition of the Tamengo Formation. Under these
conditions, iron sourced from the continent was intensely cycled
through the water column due to its abundant availability to react.
During deposition of the Tamengo Formation, the anoxic but non-
sulfidic deeper waters would allow upwelling of Fe and precipita-
tion of Feyr (specifically iron oxides) in the oxic shallow waters,
elevating Feygr/Fer and generating high Fe,y/Feygr, with no accom-
panying trace metal enrichment. Then, quick drowning of the plat-
form along with deepening of the redoxcline led to deposition
under oxic bottom waters observed in the Guaicurus Formation,
with bioturbation and bioirrigation. Since the sediment-water
interface was oxygenated, Fe.,, increase was probably caused by
iron carbonate precipitation through organic matter remineraliza-
tion via Fe(Ill) and iron reduction during early diagenesis. Thus,
reducing porewaters led to transfer of Fe oxides to reduced Fe
phases. Slotznick et al. (2020) have recently demonstrated that
high Fep,,g may actually represent the formation (and subsequent
extraction) of clays such as berthierine and chamosite that form
in iron-rich pore waters. Thus, we interpret the Guaicurus Forma-
tion to have been deposited under oxic conditions (such that authi-
genic enrichments in Feyy relative to Fey did not develop), but with
early diagenesis dominated by iron reduction and little sulfate
reduction, such that released Fe?* formed early diagenetic carbon-
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ates and clays rather than pyrite. The studied samples in fact are
shales with ca. 10%-15% carbonate content, which likely represent
carbonate cements formed during early diagenesis.

4.2. Redox trends across the Ediacaran/Cambrian transition in the
Corumbad basin

The new data presented here, in conjuction with paleontologi-
cal data, indicates deposition of the Tamengo Formation occurred
under a stratified water column with a shallow oxic layer capping
a deep ferruginous basin over a diffuse redoxcline. This seems to be
a rather common situation for late Ediacaran basins throughout the
world, and pioneer biomineralizing organisms such as Cloudina
and Corumbella seemed to have thrived under fluctuating redox
conditions that would allow fleeting colonization of shallow water
platforms (Wood et al., 2015; Tostevin et al., 2016; Bowyer et al.,
2017; Jin et al., 2018; Caxito et al.,, 2021). Then, an important
change in redox conditions accompanied a major paleoenviron-
mental change, with flooding of the basin and transgression of
deep-water sediments over the shallow platform coinciding with
deepening of the redoxcline and oxic bottom water conditions dur-
ing deposition of the Guaicurus Formation. Our model for redox
structure of the Corumba basin, based mainly on iron speciation
data, is consistent with previous suggestions based on nitrogen iso-
topes in the Tamengo Formation with 6'°Nyerogen Detween —3.3%o
and +3.1%., recording the regional signal of N,-fixation and/or
ammonium assimilation expected for redox-stratified basins
(Ader et al., 2014; Spangenberg et al., 2014), and of deposition of
the Guaicurus Formation under oxic conditions with eukaryotic
algae as the main primary producers based on trace elements
and biomarker data, respectively (Spangenberg et al., 2014).

Notably, this redox change occurs at the level where small but
complex meiofaunal animal burrows, attributed to a nematoid-
like organism, occur in the stratigraphic record of the Corumba
Group (Parry et al., 2017). Meiofaunal bioturbation is also recog-
nized at multiple localities in the coeval Nama Group of Namibia
(Darroch et al., 2021) and may have become widespread at this
time (although it is noted that many of these ‘meiofaunal’ trace
fossils were likely made by organisms slightly larger than the stan-
dard biological definition of passing through a 500 pm sieve).

Oxygenated bottom waters were a necessary (if not necessarily
sufficient, with other possible factors such as nutrient availability,
pH, salinity and temperature controlling biodiversity in distinct
Ediacaran-Cambrian basins) constraint on the development of
complex ecosystems on the deep seafloor, which lead to a sub-
strate or “agronomical” evolution characterized by the increase
of vertically-oriented burrows in early Cambrian trace fossils
(Seilacher and Pfliiger, 1994), such as those observed in the Cor-
umba Group (Parry et al., 2017). The increase in vertical bioturba-
tion, either for feeding or protection against predation, would have
allowed mixing of oxygen and water to deeper levels within the
seafloor sediments, restricting sulfate-reducing bacteria and their
toxic sulfide emissions to progressively deeper layers and re-
oxidizing buried sulfide phases. This is hypothesized by Canfield
and Farquhar (2009) to have resulted in rising seawater sulfate
levels, which in turn might have facilitated internal marine recy-
cling of key nutrients such as phosphorus (Laakso et al., 2020).

Relating such global biogeochemical changes to the advent of
bioturbation (and especially to the effects of meiofaunal organ-
isms), while intriguing, remains complicated. First, the activities
of bioturbators often have complex effects on geochemical cycles,
and it is clear that not all bioturbation is equal (see for instance
Tarhan et al., 2021; Cribb et al., 2023). Second, although meiofauna
are certainly involved in many benthic processes (Schratzberger
and Ingels, 2018), their biogeochemical effect compared to macro-
faunal bioturbation are both different in terms of decomposition
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Fig. 4. Models for the deposition of the Tamengo and Guaicurus formations at the Ediacaran-Cambrian transition (left) and tectonic configuration of the basin and adjacent
continental blocks (right), with red arrows indicating general movement of the involved paleocontinental blocks and black arrows indicating main sedimentary provenance
vectors. The approximate location of the studied samples is indicated by the red rectangles. (A) Deposition of the Tamengo Formation in the late Ediacaran (ca. 550-540 Ma)
occurred in a stratified basin with a shallow oxic layer where biomineralizing organisms such as Cloudina and Corumbella thrived. Shell fragments of these were transported
down-slope and deposited under ferruginous bottom water conditions. During this time frame, the Amazon, Rio Apa and Paranapanema paleocontinents were rifted apart,
and the basin mainly sourced the adjacent Rio Apa block. (B) Deposition of the Guaicurus Formation in the early Cambrian occurred during a major transgression, flooding the
basin while the redoxcline was drastically deepened, generating oxic bottom water conditions where bioturbating organisms thrived. Detrital zircon U-Pb age spectra
indicates that during this time frame, the basin sourced the mountainous areas related to the Brasiliano Orogen to the west, due to collision of the Amazon, Rio Apa and
Paranapanema paleocontinents. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

process and far less pronounced (Aller and Aller, 1992). Thus, much
remains to be learned regarding the effect of early bioturbators on
biogeochemical cycles. Nonetheless, the results here clearly
demonstrate a temporal relationship between the appearance of
oxygenated bottom waters in the Corumba basin and the spread
of meiofaunal trace fossils.

The next important question to be asked is why bottom waters
became fully oxygenated coeval with sea level rise and deposition
of the Guaicurus Formation, stabilizing deeper water communities
of complex organisms especially in this time frame. Available
detrital zircon U-Pb data indicates that provenance of the Tamengo
Formation is dominated by 900 to 1900 Ma sources, which can all
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be found within the Rio Apa block (Babinski et al., 2008), which is
the immediate basement of the Corumba basin. Samples from the
Guaicurus Formation, on the other hand, are dominated by late
Neoproterozoic detrital zircons, peaking at ca. 620-650 Ma and
with a maximum depositional age at 543 + 11 Ma (McGee et al.,
2018). This indicates a very important provenance shift between
the two units (Fig. 4). While the Tamengo Formation was deposited
in a rift setting and sourced only cratonic basement, the Guaicurus
Formation shows a strong influence of the sources located in the
then recently uplifted Brasiliano mountains to the east. This moun-
tain range resulted from the collision of the Amazon/Rio Apa pale-
ocontinents with the amalgamated remainder of western
Gondwana as the final orogenesis that consolidated this paleocon-
tinent in the early Cambrian (Tohver et al., 2010; McGee et al.,
2012; Caxito et al., 2021). A similar interpretation of deposition
of the upper Corumba Group in a foreland basin setting was put
forward by Campanha et al. (2011), with a difference that these
authors interpreted the Tamengo Formation as also deposited in
a foreland setting.

One possibility is that erosion of the recently uplifted moun-
tainous regions of the Brasiliano/PanAfrican orogeny would have
led to a higher sedimentation rate and enhanced organic carbon
burial in the adjacent foreland basins, leading to a global surplus
in oxygen that could not back-react to form CO, (Squire et al.,
2006; Campbell and Squire, 2010). Another possible explanation
is that a formerly relatively isolated graben basin with a stratified
redox framework, where the Tamengo Formation was deposited,
became oceanographically connected to the open ocean, upon
transgression and deposition of the Guaicurus Formation. Note
that the proxies used here are better at determining ‘oxic’ versus
‘anoxic’ conditions rather than the degree of oxygenation of seawa-
ter (see discussion in Haxen et al., 2023), and a greater connection
to the open ocean may have allowed for the transit of increasingly
oxygenated seawater even if modern-style oxygenation of deeper
waters was a later Paleozoic phenomenon (Sperling et al., 2015).
Put differently, while this study provides new key data points
regarding oxygen and early animal evolution in the Corumba
basin—specifically the temporal correlation of oxygenation and
trace fossil appearances—further study is required to determine if
the cause of oxygenation is global (i.e., a planetary-scale rise of
atmospheric oxygen) or regional (i.e., controlled by tectonic and/
or paleoceanographic factors).

5. Conclusions

The new data presented here adds to a growing dataset indicat-
ing that oceanic redox conditions were highly heterogeneous in the
key biological interval of the Ediacaran/Cambrian transition. In the
Corumba basin of western Brazil, as in similar basins throughout
the world, early biomineralizing late Ediacaran organisms such as
Cloudina and Corumbella seem to have thrived under a shallow sur-
ficial oxic layer, while deeper oceanic realms were broadly ferrug-
inous and hampered colonization of bottom dwellers. Fragments of
these organisms are preserved in the reworked mixed carbonate-
siliciclastic deposits of the Tamengo Formation (555-541 Ma),
developed in a rift basin that sourced the local Rio Apa block
Archean to Proterozoic igneous and metamorphic basement rocks.
In contrast, the overlying siliciclastics of the Guaicurus Formation
(<541 Ma) were deposited under a completely oxic water column
in a foreland basin setting that sourced the recently uplift
Ediacaran/Cambrian Brasiliano mountains to the east, which
facilitated the proliferation of bioturbating animals, including
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bilaterian burrowers that promoted vertical mixing of the underly-
ing sedimentary beds. The cause for this abrupt redox shift
between the two units and straddling approximately the Protero-
zoic/Phanerozoic transition is unknown and might have been influ-
enced by tectonic and/or paleogeographic factors, but the
relationship between local oxygenation and trace fossil appearance
is clear.
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