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ARTICLE INFO ABSTRACT

Editor: Vasileios Mavromatis The Banda Alta Formation (Urucum district, Mato Grosso do Sul, Brazil) comprises ~600 Ma Fe and Mn deposits,
which are among the world's youngest and largest Neoproterozoic sedimentary Fe and Mn formations (IF; MnF).

Keywords: These have been deposited in a redox-stratified, marine sub-basin (Jacadigo Basin), which was strongly influ-

Chromium isotopes
Cadmium isotopes
Banded iron formation

enced by glacial advance/retraction cycles with temporary influx of continental freshwater and upwelling of
metal-enriched deep anoxic seawater. Cr and Cd isotopes measured on meticulously separated hematite meso-
Bioproductivity bands from drill core samples are relatively homogenous throughout the ca. 325 m thick sequence sampled in the
Ocean redox Banda Alta Fm., with average authigenic §°3Cr values of +0.93 + 0.24 %o (20; n = 23) and 5'14cd values of
Jacadigo Group —0.14 £ 0.14 %o (20; n = 15). The significant enrichment of Cr, in parallel with the strong enrichments of other
Brazil redox sensitive elements (U, Mo), attests for effective and efficient reduction removal processes in the surface
waters during cycles where upwelling Fe?*-rich waters reached the oxygenated surface layer exposed to the
atmosphere during episodic glacier retreat stages. Assuming a similar quantitative and efficient removal pathway
of dissolved Cd by iron oxyhydroxides, the so-inferred average 5''Cd signature of —0.14 + 0.14 %o in the
Jacadigo Basin surface water is significantly lower than signatures of modern ocean surface waters with a range
of 611*Cd of ca. ~0.4 to ~1 %o and even lower than the signature of modern ocean deep waters with 5'1Cd of
~0.3 %o. It possibly attests to reduced primary production levels and lower nutrient utilization rates during
deposition of the Late Neoproterozoic Jacadigo Group, compared to today. This despite the inferred oxidized
surface water layer that must have prevailed during this time, as implied by the strongly positively fractionated
Cr isotope signatures and pronouncedly negative Ce-anomalies recorded in the seawater-like, shale-normalized
Rare Earth Element and Yttrium (REY) patterns exhibited by the hematite mesobands. Data presented herein
speak for: (1) a stable, isotopically heavy Cr input to the Jacadigo Basin at the time of deposition, implying high
atmospheric O levels in the Late Neoproterozoic (2) likely quantitative, reductive incorporation / adsorption
processes of dissolved Cr and Cd, respectively, into/onto precipitating iron oxyhydroxides, and (3) the preva-
lence of low nutrient concentrations and utilization rates in the Jacadigo Basin during glacier retreat cycles.
Banded iron formations are considered suitable archives for reconstructing redox and bioproductivity levels in
past marine depositional basin, including those prevalent in Neoproterozoic glacial conditions, via employing the
Cr—Cd isotope double tracer to iron-rich mesobands.

1. Introduction the Archean and early Paleoproterozoic, particularly during the Great
Oxidation Event (GOE) ~ 2.47-2.19 Ga (Bekker et al., 2004; Gumsley
After prominent deposition of Banded Iron Formations (BIF) during et al., 2017; Hodgskiss and Sperling, 2021; Poulton et al., 2021), a lack
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of IF deposition characterizes the late Paleoproterozoic and Meso-
proterozoic between ~1.85-1.0 Ga (Eriksson et al., 2004; Yin et al.,
2023, and references therein). Weak or even lack of ocean oxidation was
used to explain the absence of BIF deposition in this period (Bekker
etal., 2010; Holland, 1984; Slack et al., 2007). Others explained the lack
of IFs as a consequence of widespread development of euxinic (anoxic
and sulfidic) deep-ocean conditions along productive continental mar-
gins (Canfield et al., 2008; Poulton et al., 2010). IFs were again depos-
ited in the Neoproterozoic on a large scale (Bekker et al., 2010; Klein,
2005). Many of these Neoproterozoic IFs were formed during global
glaciation events and were associated with drastic environmental
changes. The most prominent glaciation events during which IFs were
deposited worldwide are the Sturtian (middle Cryogenian), Marinoan
(late Cryogenian) and the Gaskiers (Ediacaran) glacial events (Halver-
son et al., 2010). Dissolved ferrous iron (Fe?") was able to accumulate in
the anoxic bottom water layers of respective redox-stratified deposi-
tional basins. Such environmental conditions were favorably established
during ice coverage in time periods where glaciers shielded the basin
waters against the atmosphere (Baldwin et al., 2012). Upwelling of these
FeZ* fertilized bottom waters into oxygenated water layers in glacier
retreat stages then enabled the oxidation of ferrous Fe (Fe2) to ferric Fe
(Fe®*) and the subsequent flocculation and deposition of iron oxy-
hydroxides as the IF precursors (Beukes and Klein, 1990; Klein and
Beukes, 1993). There are also examples of some Neoproterozoic BIFs
that are volcanogenic-associated, similar to the Paleo- to Neoarchean
greenstone belt associated Algoma-type BIFs and some that are passive
margin marine sediment-associated, similar to the Neoarchean to Pale-
oproterozoic Superior-type BIF (Basta et al., 2011; Bekker et al., 2010;
Gaucher et al., 2015; Sial et al., 2015; Stern et al., 2013; Yu et al., 2022).

The increase of O, in the Neoproterozoic atmosphere (often referred
to as the Neoproterozoic oxidation event (NOE), timely correlated with
near-global glaciations, was ascribed to an increase of phytoplankton
productivity; Frei et al., 2009). The appearance of the Ediacara fauna at
~575 Ma (Droser and Gehling, 2015; Narbonne, 2005) succeeded the
NOE, and deep ocean anoxia and ferruginous conditions apparently
prevailed throughout the latest Neoproterozoic and even into the
Cambrian (Canfield et al., 2008; Johnston et al., 2010; Li et al., 2010).

The Fe and Mn deposits in the Urucum district pertain to the Banda
Alta Formation (Jacadigo Group; Fig. 1) in Mato Grosso do Sul State,
Brazil, and are associated with glaciogenic deposits. The Urucum IF is
one of the NOE-related IF deposits that appears to be tightly associated
to a glaciation event and therefore could be regarded as to fit deposi-
tional environments that persisted during “Snowball Earth” scenarios
(Kirschvink, 1992) in which ice covers prevented exchange of oxygen
between atmosphere and oceans and so enabled accumulation of dis-
solved Fe?" in in the oceans (Beukes and Klein, 1992; Klein and Beukes,
1993). One model which describes the potential causes for the recovery
from large-scale glaciation is that conveyed, among others, by Allen and
Etienne (2008), Le Hir et al. (2009) and Peltier et al. (2007). These
authors suggested that voluminous volcanic outgassing may have led to
increased atmospheric CO5 levels that could have reached 350 times
present atmospheric levels (PAL) and so created strong greenhouse
conditions (Hoffman et al., 1998). The study by Frei et al. (2017), and
that recently published by Arting et al. (2023), on BIFs from Morro
Urucum (M. Urucum; Fig. 1), contributed to testing this model. These
two studies used the Cr isotope redox-proxy on surface and drill core
samples of IFs across the Urucum ore district. Both studies assume that
the mass budgets of Cr in the oceans is substantially controlled by Cr
released from the continental land masses by oxidative weathering
processes and that the isotope composition of dissolved Cr in at least
present day ocean surface water is substantially controlled by primary
productivity (Frei et al., 2014). The positively fractionated Cr isotope
signatures that Arting et al. (2023) and Frei et al. (2017) measured on
the Urucum IF led these authors to postulate that these signatures were
likely caused by widespread oxidative release of Cr(VI) from the conti-
nents, rather than by acidic release of Cr(IIl) caused by elevated COy
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greenhouse-like conditions.

However, Janssen et al. (2020), Scheiderich et al. (2015), and
Semeniuk et al. (2016) proposed that the Cr isotope compositions in the
photic layers of present-day oceans are likely and primarily controlled
by biological productivity.

Here we present, for the first time, combined Cr - Cd stable isotopes,
rare earth element and yttrium (REY) patterns, and redox sensitive trace
element and selected major element data, of carefully separated hema-
tite mesobands from IF of the Banda Alta Fm., in order to assess surface
water redox conditions and bioproductivity under glacial environmental
conditions during the late Neoproterozoic.

1.1. Cr and Cd cycles

The oceans receive Cr through continental run-off or hydrothermal
vent fluids. Vent fluids are characterized by isotopically unfractionated
Cr (6°3Cr = —0.12 + 0.11 %o; Schoenberg et al., 2008), while conti-
nentally derived Cr, released by oxidative weathering, may be positively
fractionated. Oxygen in the atmosphere is a driver for the oxidation of
immobile Cr(III) in rocks and soils to soluble Cr(VI) in the presence of
Mn-oxides, which act as reaction catalysts (Oze et al., 2007). The mobile
Cr fractions are partially reduced again and this process is accompanied
by fractionation processes which render the finally mobilized Cr(VI)
positively fractionated (D'Arcy et al., 2016; Farkas et al., 2013; Frei
etal., 2009; He et al., 2020; Novak et al., 2017; Paulukat et al., 2015; Wu
et al.,, 2017). The positively fractionated dissolved Cr(VI) compounds
reach the oceans via run-off where they either are sorbed onto particles
or are, either biologically (Janssen et al., 2020; Scheiderich et al., 2015;
Semeniuk et al., 2016) or abiologically (Frei et al., 2009; Janssen et al.,
2022), reduced to insoluble Cr(III) bearing species. These finally are
then deposited in marine sediments. In essence, the input sources of Cr
into the oceans are a mixture of three end members: (1) hydrothermal Cr
(IID), (2) unfractionated continental Cr(IIl) carried by suspended load or
dissolved organically bound compounds, and (3) soluble and fraction-
ated continental Cr(VI) compounds. As mentioned above, the overall
dissolved Cr isotope signal may be further altered by biogenic redox
processes in the water column. Such processes involve reduction by
organic matter (Janssen et al., 2020; Rickli et al., 2019; Semeniuk et al.,
2016), and incorporation into carbonates (Frei et al., 2011; Wei et al.,
2018b) and Fe—Mn crusts (Wei et al., 2018a). Vital effects on Cr isotope
compositions have also been demonstrated for carbonate-precipitating
organisms such as bivalves (Bruggmann et al., 2019a; Frei et al.,
2018) and for uptake of Cr by planktonic foraminifera (Wang et al.,
2016). Under the assumption that dissolved Cr is predominantly
composed of Cr(VI), and that there is surplus fertilization of the ocean
waters with dissolved Fe?", then chemical sediments such as IFs have
the potential to record the positively fractionated surface seawater 8%3cr
signature. However, this assumption is only valid if reductive removal of
Cr by a Fe-oxyhydroxide shuttle is efficient and quantitative (Dgssing
et al., 2011; Frei et al., 2016; Frei et al., 2009). In such a scenario, the
fate of Cr, and ultimately the Cr records in iron-rich chemical sediments,
are linked to atmospheric oxygenation, intensity of release of chromium
from the continents, and levels of primary productivity. Studies
reporting Cr isotope signals in IFs have been used to reconstruct Earth's
atmospheric oxygenation at different times in the past, and ultimately as
one more tool to delineate and record climate changes in the Precam-
brian (Frei et al., 2016; Frei et al., 2009; Konhauser et al., 2011; Wei
et al., 2018c).

Oceans receive Cd via three main sources. These are the upper
continental crust (5''*Cd = —0.01 + 0.04 %o, Rehkamper et al., 2012;
Schmitt et al., 2009), rivers (6114Cd = 0.1 to 0.3%o; Lambelet et al.,
2013) and aerosols/dust (§!'*Cd = —0.19 to 0.19%; Bridgestock et al.,
2017). The Cd composition of deep ocean seawater is isotopically
heavier with 8'14Cd of 0.35 + 0.12%0 (Conway and John, 2015a; Con-
way and John, 2015b; Janssen et al., 2017; John et al., 2018; Ripperger
etal., 2007; Sieber et al., 2019; Xie et al., 2017). Light cadmium isotope
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Fig. 1. (A) Simplified geological map showing portion of the Amazon Craton, marking the area of the Urucum Massif depicted in (B). (B) Local geology of the
Corumbé area (modified and simplified from Arting et al., 2023). Location of drill hole VET-36-32, from which iron-rich mesoband samples have been analyzed
herein, is indicated. (C) Stratigraphic profile, showing known radiometric ages (Babinski et al., 2013; Frei et al., 2017; Piacentini et al., 2013). The approximate
section covered by the VET-36-32 drill core is marked with a red bar. Details see text. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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signatures in sub-oxic and anoxic continental margin sediments, repre-
senting the primary output archives of Cd from the ocean (Heinrichs
et al., 1980; Little et al., 2015; Rosenthal et al., 1995a; Rosenthal et al.,
1995b; van Geen et al., 1995), to a large degree balance the Cd input
sources and Cd in deep ocean waters. These sediments receive their light
isotope signature by burial of organically-bound Cd (Janssen et al.,
2019) and/or by burial of cadmium sulfide (CdS) in the presence of
aqueous hydrogen sulfide (Bryan et al., 2021; Chen et al., 2021; Druce
et al., 2022; Frei et al., 2020; Frei et al., 2021; Guinoiseau et al., 2019;
Janssen et al., 2014; Plass et al., 2020). In addition, stripping of Cd by
Fe—Mn oxides in pelagic clays, Fe—Mn crusts and nodules, iron oxy-
hdroxides and incorporation into marine carbonates (Boyle, 1988;
Frederiksen et al., 2022a; Frederiksen et al., 2024; Frederiksen et al.,
2022b; Horner et al., 2011; Rehkamper et al., 2012; Rosenthal et al.,
1995a; Schmitt et al., 2009; van Geen et al., 1995; Wasylenki et al.,
2014; Yan et al., 2021) are minor sinks in the Cd cycle. Cd isotope
studies of BIFs formed during the Archean and Proterozoic are essen-
tially lacking, despite the adsorptive property of Cd onto iron oxides and
iron oxyhydroxides being known for quite some time (Benjamin and
Leckie, 1981a, 1981b; Cowan et al., 1991; Liu et al., 2021; Petersen
et al., 1993; Randall et al., 1999; and many others).

1.2. Geological setting

The geology of the Corumba region (Fig. 1A,B) has been described in
previous publications (Freitas et al., 2011; Piacentini et al., 2007; Pia-
centini et al., 2013; Trompette et al., 1998), and the tectonic, strati-
graphic, structural and textural relations were summarized by
Viehmann et al. (2016), Angerer et al. (2016), Freitas et al. (2011), and
more recently, by Polgari et al. (2021) and Hiatt et al. (2020). Likewise,
we refer to detailed descriptions of the mineralogy and sedimentology of
the Urucum IF contained in the articles by the aforementioned authors.

The Neoproterozoic rocks in the Urucum district belong to the
Jacadigo Group which forms part of the Rio Apa Block of the south-
ernmost part of the Amazonian Craton (Fig. 1A, B). The Jacadigo Group
sediments were deposited in a rift to shelf setting (Trompette et al.,
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1998). They are unconformably overlain by late Ediacaran limestones
and dolostones pertaining to the Corumba Group (Almeida, 1965;
Gaucher et al., 2003; Hiatt et al., 2020; Morais et al., 2021; Walde et al.,
2015).

The stratigraphic relationships, lithological descriptions and
geochronological details of the Jacadigo Group (Fig. 1C) have been
described in chapter 3 of the recent publication by Arting et al. (2023). A
summary of these details is contained in appendix A of the supplemen-
tary material.

2. Materials and methods

2.1. Samples

Samples were taken at 10-m intervals in iron-rich layers from drill
core STCR-DD-36-32 (Vectorial Ltd.; W57°31'58.30", $19°14'59.98"), a
borehole at the Santa Cruz deposit, Morraria Grande (M. Grande;Fig. 1A,
B). Great care was taken to avoid any arkose interbeds. Hematite bands
(referred to as mesobands herein) were carefully separated from the drill
core pieces using a diamond saw. The mesobands were then powdered in
an agate mill. Two representative drill core pieces with hematite
mesobands are depicted in Fig. 2. The mesoband samples are labeled
“VETRIA” and are incrementally numbered with sampling depth. They
correspond to the “VET” samples in the study of Arting et al. (2023) but
represent newly separated mesobands from the same pieces of drill core.
Major element compositions of continuous core samples referred to in
this work are core logging data performed by Vectorial Ltd. mining
company. The respective results have recently been reported in Table S1
of Arting et al. (2023).

2.2. Selected major and trace element analyses

Trace element concentrations were determined using solution ICP-
MS (Inductively Coupled Plasma Mass Spectrometry). Aliquots of the
powdered samples (50 mg) were dissolved in 3 mL 6 N HCl to match the
dissolution of the mesoband samples for Cr and Cd isotope analyses. This

Fig. 2. Representative drill core sections (cut slabs) from which respective hematite mesobands were separated for analyses. A. Sample VETRIA-20; nodular IF with
carbonaceous ooids from the lower part of the Banda Alta Formation (212.00 m). B. Sample VET-05: Banded cherty/jaspilitic IF from the upper part of the Banda Alta

Formation with leached carbonates (38.30 m).
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dissolution prevented the formation of iron oxyhydroxide precipitates
and enabled a complete dissolution of the hematite and carbonates,
without strongly attacking relict siliciclastic components. After centri-
fugation, the supernatants were evaporated to incipient dryness and re-
dissolved in 0.5 M HNOs + 0.01 M HF. The ICP-MS quadrupole instru-
ment iCAP-Q from Thermo Scientific was used for the determination of
the elements. KED (Kinetic Energy Discrimination) instrumental mode
was selected for the analysis using ultrapure He as collision gas for the
suppression of potentially interfering molecular ions. Prior to analysis,
all leachates, standards and reference solutions were diluted twofold
with the internal standard. An internal standard solution of 10 pg/L In in
0.32 M HNOj3 was prepared of de-ionized water and nitric acid of sub
boiling quality. Four separate sets of calibration standards were pre-
pared gravimetrically from stock solutions of mixed standards (Inor-
ganic Ventures) covering REE, refractory elements in HNOs/HF,
additional elements, and major elements. Two different instrumental
methods were set up to cover the elements. NIST 1643f and a diluted
Reagecon ICP-Multielement Standard with 23 elements was used as
calibration verification standard. Two iron formation standards (GIT-
IWG; Govindaraju, 1984; FER-1; Abbey et al., 1983) and dolomite JDo-1
(Imai et al., 1996) were analyzed as internal control samples.

2.3. Ion chromatographic separation of chromium and cadmium

In order to obtain Cr and Cd isotope data from one and the same
dissolved sample, we developed an ion chromatographic separation
technique which allows for a combined, successive and high purity
separation of these two elements. One of the challenges was the very low
Cd concentrations ([Cd]; range between 1 and 7 ng/g) opposing three
orders of magnitude higher Cr concentrations ([Cr]); range between 1
and 15 pg/g). In order to allow for a combined Cr—Cd double spiking,
adequate liquid aliquoting of the sample solutions was therefore
necessary. Powdered samples (4 x 2 g) were spiked with adequate
amounts of a 19619cd double spike, whereby one 2 g aliquot was
additionally spiked with an appropriate amount of 50-54¢r double spike.
The 2 g sub-samples were attacked with 45 mL of 6 M HCI in 50 mL
Savillex™ Teflon beakers placed on a hotplate at 140 °C for 48 h. After
cooling the digestions to room temperature, the samples were trans-
ferred to 50 mL centrifuge tubes and centrifuged for 5 min at 4000 rpm.
The supernatant was back transferred to 250 mL Savillex™ beakers and
dried down on a hotplate. Then, the samples were dissolved in 200 mL of
0.7 M HClL.

2.3.1. Cd separation

The 200 mL of 0.7 M HCl sample solutions were passed over 10 mL
Bio-Rad™ Poly-Prep® (PP) extraction columns charged with 2 mL of
200-400 mesh Bio-Rad™ AG-1 x 8 anion resin. Only the eluates of the
combined Cr—Cd double spiked aliquots were collected, as they contain
the Cr portion of the samples. After loading and fully passing the sample
solution through the column, using expansion funnels to accommodate
the 200 mL sample solutions, the following acid rinses were added to the
columns: 22 mL of 0.7 M HCL, 6 mL of 1 M HCI, 6 mL of 2 M HCI, 6 mL of
8 M HC], 11 mL 0.2 M HBr/0.5 M HNOg3, and 2 mL of 2 M HNOs. Finally,
Cd was extracted from the resin with 13 mL of 2 M HNOs into 17 mL
Savillex™ beakers and the Cd eluate was dried down on a hotplate. This
first column step was modified after recipes in Ripperger and Rehkam-
per (2007) and Gault-Ringold (2011).

A clean-up of the first Cd fraction was achieved over disposable 1 mL
pipette tip columns fitted with a frit and charged with 300 pL of 100-200
mesh Bio-Rad™ AG1x8 anion resin. For this purpose, the dried Cd-
containing sample from the first column was dissolved in 0.5 mL of a
0.2 M HBr-0.5 M HNO3 mix, and the remaining matrix elements were
washed out with 1.5 mL of the same mix, followed by 1.5 mL of a 0.03 M
HBr-0.5 N HNO3 mix, then by 0.7 mL of 1 M HCI and by 0.2 mL of de-
ionized water. Cd was then collected with 3.5 mL of 0.25 M HNO3 and
dried down. This column clean-up procedure followed that first reported
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by Frei et al. (2020). A pass over this clean-up column step was repeated
once more, using the same resin charged pipette tip columns. The final
Cd separates were very pure, essentially matrix-free, and well-suited for
TIMS mass spectrometric analysis. Total procedural Cd yields were in
the order of ca. 70% and near completely constrained to the first column
separation in which the massive Fe matrix is being removed.

2.3.2. Cr separation

The dried down double spiked Cr sample aliquots collected as eluates
from the first Cd separation step were re-dissolved in 20 mL of 6 M HCIL
and passed over 20 mL stem volume Bio-Rad™ Econo-Pac® columns
charged with 15 mL of 100-200 mesh Bio-Rad™ AG1x8 resin following
(Frei et al., 2009). This step efficiently removes the Fe matrix. The Fe-
free, Cr containing eluates were collected in 23 mL Savillex™ Teflon
beakers and dried down.

Then, samples were re-dissolved in 20 mL of de-ionized water to
which a few drops of concentrated HCl and 0.5 mL of a 1 N ammonium
peroxydisulfate solution were added. These solutions were then boiled
with closed lids in a block on a hotplate at 130 °C for 1 h to ensure
oxidation of Cr(III) to Cr(VI). Upon cooling to room temperature, the
sample solution was then passed over Bio-Rad™ PP extraction columns
charged with 2 mL anion resin (Bio-Rad™ AG1x8, 100-200 mesh). Cr
(VI), retained in the resin, was released by reduction to Cr(III) with the
help of 10 mL of 0.1 M HNO3 doped with 3 drops of concentrated HO2
into 12 mL Savillex™ Teflon beakers. After drying of this eluate on a
hotplate, the sample was re-dissolved in 200 pL of 6 M HCl, then diluted
with 2 mL de-ionized water and passed over 2 mL of cation exchange
resin (AG 50 W-8, 200-400 mesh) charged Specra/Chrom® disposable
columns equipped with a 15 pm filter size frit. The cation column
extraction procedure followed a the slightly modified recipe of Bonnand
et al. (2011) and Trinquier et al. (2008). With applying a three-step ion
chromatographic column procedure, we obtain highly pure Cr separates.
Disturbing cations and anions are efficiently removed from the sample
solutions during the oxidation-reduction step in the anion chromato-
graphic separation. Total procedural Cr yields were in the order between
60 and 70% and mainly dominated by Cr losses during the final cation
exchange column separation.

2.4. Mass spectrometric analyses of Cd and Cr isotopes

Cr separates were loaded on Re-filaments with 1.5 pL of silicic acid
(Gerstenberger and Haase, 1997) and 0.5 pL of 1 N H3PO4 and 0.5 pL of
saturated H3BOs. Further details are contained in Dgssing et al. (2011),
Frei et al. (2016) and Paulukat et al. (2015).

Cd separates were also loaded onto outgassed Re-filaments in a 2.5
pL mix of 0.5 N H3POy, silicic acid (Gerstenberger and Haase, 1997) and
0.5 N H3BOj3 in volume ratios of 1:8:1.

All samples were subsequently measured on a IsotopX PHOENIX
TIMS operating in static multi-collection mode at the Dept. of Geo-
sciences and Natural Resource Management, University of Copenhagen.
Running temperatures were between 1020 and 1180 °C. Data reduction
for the natural and instrumental mass-dependent isotope fractionation
used own external double-spike algorithms, assuming an exponential
fractionation law, combined with the Newton-Rhapson method imple-
mented in an in-house Python 3 program (Rudge et al., 2009, and ref-
erences therein).

The statistical uncertainties are based on reducing each measure-
ment cycle (6 s integration time), over a total of 120 cycles per analysis,
with baseline measurements of 6 s integration time at £0.5 amu after
every block of 20 cycles. The analytical blanks for Cr and Cd were in the
order of 1.2-1.5 ng for Cr, and 20-40 pg for Cd, amounts which, if
compared to Cr and Cd sample loads of > ~2 pg and > ~20 ng,
respectively, insignificantly affected the final Cr and Cd isotope signa-
tures of the samples. The 1°6Cd—'%®Cd double spike was calibrated
against “zero-delta” NIST 3108 set to yield 8''*Cd = 0, and the
S0cr—54Cr double spike was calibrated against NIST 979 to yield 5°3Cr
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=0.

Variations of Cd isotope compositions are expressed as average
5'14Cd values (%o) = double standard deviation (20) from repeated runs
(abbreviation for 51 110Cd, i.e., the deviation of 4cd,M10¢d in parts
per 1000) from reference material NIST 3108:

8'"Cd (%o) = [(""*Cd/"Cdyumpte /***Cd/""*Clxistatos) — 1] x 10° @

The Cr isotope compositions of the samples were determined as the
average of repeated analyses and are reported in per mil (%o) + double
standard deviation (20) relative to the international reference and zero
delta standard NIST 979, reported as.

8%Cr (%o) = [(PCr/**Crampte) / (P Cr/**Cryiston )1 } x 10° 2

In cases where the 2¢ errors were below the long term external 2¢
reproducibility of 0.09%. (n = 105, 20), for double spiked NIST 979,
measured under the same conditions as the samples with >2Cr beams
between 500 mV and 1 V, we employed and assigned that external
reproducibility error to the respective analyses.

Repeated double spiked NIST 3108 analyses at 300 mV, 600 mV and
1 V beam intensities of ''2Cd yielded reproducibilities of +0.062,
+0.034, and +0.019 8'*Cd units (26; n = 15), respectively. Repetitive
interspersed analyses of MCd (“Miinster cadmium”) and BAMIO12
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reference solutions yielded 5'14cd values of 4.66 + 0.085 (20; n =10)
and — 1.36 + 0.06 (20; n = 9), respectively, in accordance with values
measured by other laboratories (Abouchami et al., 2013). Reproduc-
ibility of sample isotopic compositions was performed by multiple dis-
solutions and mass spectrometric analyses of the JDo-1 dolomite
standard (Imai et al., 1996) and the GIT-IWG iron formation standard,
both of which are not certified for §°>Cr and 5'!*Cd values. Four sepa-
rate dissolutions of these materials yielded §°Cr = 1.72 + 0.08 %o and
8'14Cd = 0.03 + 0.06 %o (20), and §°3Cr = 0.03 + 0.03 %o (20) and
511%Cd = 0.21 + 0.04 %o (20), respectively, in agreement with values
recently published by Frederiksen et al. (2022b) for JDo-1, and with
5%3Cr values published by Frei et al. (2016) for GIT-IWG.

3. Results
3.1. Selected major elements

Selected major and trace element data measured on 6 N HCI attacks
of the hematite mesobands are reported in Table Al. Stratigraphic dis-
tribution of SiOy, CaO + MgO and Al,O3 concentrations in the contin-
uous bulk core samples (reported in Table S2 of Arting et al. (2023)) are
plotted in Fig. 3 for comparative purpose.

Between ca. 300-350 m depth, in the basal section of the Banda Alta
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Geochemical variations in iron-rich mesobands: [Cd] and [Cr], §!**Cd and §°3Cr (measured: small light grey circles; authigenic: large dark grey circles), and bulk core
compositions (in % wt.) of SiO,, MgO + CaO, and Al,O3 (enhanced by factor 10), provided by Vectorial Mine Ltd. Dark blue band in the 5'**Cd log marks the range of
deep modern ocean seawaters of 0.35 + 0.12 %o (Conway and John, 2015a; Conway and John, 2015b; Janssen et al., 2017; John et al., 2018; Ripperger et al., 2007;
Sieber et al., 2019; Xie et al., 2017); Gradient blue filled band with blue arrows marks the composition of 8''4Cd in modern surface waters (~0.5-1 %o; (Abouchami
et al., 2011; Abouchami et al., 2014; Xue et al., 2013; Yang et al., 2014, and others). Blue band and blue dashed line in the 5%3Cr log mark the range and average,
respectively, of solid Earth reservoir 8°>Cr of 0.12 + 0.10 %o as defined by Schoenberg et al. (2008). cl = clay, slt = silt, vf = very fine, f = fine, m = medium, ¢ =
coarse, vc = very coarse. For details and interpretation refer to text. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)



R. Frei et al.

Formation, there is a gradual transition from the siliciclastics of the
underlying Corrego das Pedras Formation, to carbonatic IF. This is
shown by the gradual decrease up to 320 m in concentrations of SiO5
and AlyO3 in the mining companies' continuous bulk core geochemical
data (Fig. 3). In this interval there is a lack of pure hematite mesobands.
This basal interval is succeeded by two major IF intervals (Fig. 3). The
first interval (at ~300-150 m depth) is dominated by carbonatic IF with
bulk CaO + MgO ~ 10% wt., Al;03 < 1% wt., and bulk SiOy < 20% wt.
The appearance of carbonates shows as a jump, particularly in the bulk
core data profile, towards higher CaO + MgO and lower Fe and SiOy
concentrations below ~160 m depth. (Fig. 3). This compositional
transition is also depicted in corresponding changes in the hematite
mesoband compositions reported herein (Fig. 4). The second pro-
nounced interval above ~150 m depth is characterized by cherty/jas-
pilitic IF, with low CaO + MgO < 1% wt. This topmost interval is also
marked by the reappearance of interspersed gravity flow deposits. These
gravity flow deposits show in the continuous bulk core profile as hori-
zons with increased bulk core Al,O3 (up to 10% wt.) contents and
concomitantly fluctuating SiO, concentrations varying between 30 and
50% wt. (Fig. 3).

The hematite mesobands analyzed herein (Table Al; supplementary
material) have [Fe] concentrations ranging between 33 and 66% wit.,
and [Ca + Mg] concentrations ranging between 0.03 and 6.54 wt%, with
significantly higher [Ca + Mg] concentrations in the basal (~300-150
m) part of the profile, analogue to the bulk core distinctions (cf.
Figs. 3,4). The elevated Al;O3 observed in bulk samples of the upper part
of the Banda Alta Fm. (Fig. 3; Table S1 in Arting et al., 2023) are not
reflected in the hematite mesoband samples studied herein from within
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the upper portion of the Banda Alta Formation (cf. Table Al). Instead,
[Al] concentrations unsystematically scatter between 92 and 1872 pg/g
in the hematite mesobands throughout the drill core (Table Al),
attesting to only small contamination of the analyzed hematite meso-
bands by detrital silicate components.

3.2. Rare earth element and yttrium patterns

Rare Earth Element (REE) and yttrium (Y) concentrations are part of
Table Al which lists the complete trace element concentrations of he-
matite mesoband samples studied herein. Shale normalized REY
anomalies are reported using the recommended formulae of Bolhar et al.
(2004) and Bau and Dulski (1996). These formulae use the geometric
mean to estimate the unfractionated reference concentration and
normalized (suffix N in equations below) to Post-Archean Australian
Shale (PAAS;(McLennan, 1989;Taylor and McLennan, 1985):

Eu/Eu” = Buy-Smy~*Tby™"/? 3)
Ce/Ce” = Cey-Pry >-Ndy 4
Pr/Pr = Pry~'+(0.5-Cey +0.5-Ndy) (5)

The abundance of Y relative to PAAS-normalized REE patterns is
evaluated by the deviation of the Y—Ho ratio from the chondritic value
(ca. 28; McDonough and Sun, 1995). Positive deviations indicate the
faster scavenging of Ho relative to Y in seawater by distinctly different
complexation with inorganic ligands (mainly carbonate ions) and
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subsequent different adsorption of soft organic ligands onto the surface
of particulate matter (Nozaki et al., 1997). Differential adsorption of Y
and Ho during weathering related mobilization and fluvial transport to
the ocean has shown to be minimal and therefore freshwater transport
has a minimal impact on the differentiated behavior of these two ele-
ments in seawater (Bau, 1999). Shale normalized REY patterns are light
rare earth element (LREE) depleted (Pr/Ybpaas 0.19-1.09 (average 0.40
+ 0.42; 20, n = 30; Table Al), exhibit negative Ce/Ce* (0.52-1.00;
average 0.79 + 0.22; 20, n = 30; Table Al) and are characterized by
circumneutral Eu/Eu* (0.99-1.15; average 1.06 + 0.07; 20, n = 30;
Table Al). REY patterns, grouped into samples from the lower (carbo-
natic) and upper (cherty/jaspilitic) sequence, are plotted in Fig. 5A.
Shape-wise, and with respect to the magnitude of negative Ce-
anomalies, the patterns from the lower and upper Banda Alta Forma-
tion cannot be distinguished from each other. The REY patterns in
Fig. 5A differ merely by their overall total REY concentrations. Using the
Pr/Pr* vs. Ce/Ce* discrimination diagram of Bau and Dulski (1996) to
delineate true negative Ce-anomalies against those compromised by
potential La enrichments (Fig. 5B), we note that 9 of the 30 mesoband
samples lie outside of field IIIb characterizing true negative Ce anoma-
lies (Bau and Dulski, 1996). Y/Ho ratios vary between 28 and 50
(average 37 + 10; 20, n = 30; Table A1), with most samples exhibiting a
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positive ratio (> 28). Two samples (VETRIA 024, 029) are characterized
by chondritic values (Table A1l). There is a trend towards increasing Y/
Ho stratigraphically upward (Fig. 5C), consistent with a decreasing
admixture of freshwater and with a general transgressive sequence in
the Banda Alta Formation (e.g., Angerer et al. (2016)).

3.3. Redox sensitive trace elements

Upon oxidative release from continental landmasses during weath-
ering processes, the redox sensitive elements Cr, Mo and U enter the
oceans in their oxidized states Cr(VI), Mo(VI) and U(VI) (Algeo and
Maynard, 2008; Frei et al., 2014; Partin et al., 2013). Reduction of Cr
(VD) to Cr(Il) by upwelling Fe?* fertilized bottom waters is expected to
be efficient and complete. Cr(III) is thereby incorporated into colloidal,
iron oxide precursor phases (among others, iron oxyhydroxides; Frei
et al., 2009). Similarly, dissolved soluble Mo(VI) present as molybdate
(Mo03") is slowly removed from the surface waters by incorporation
into Mn-oxide particle. Under euxinic conditions, however, Mo is pre-
sent as the thiomolybdate ion. Under these conditions then, Mo is par-
ticle reactive and sequestered by Fe—Mn oxides, Fe-sulfides, organic
material and clay minerals (Algeo and Tribovillard, 2009). Similar to Mo
(VI), soluble U(VI) is adsorbed by ferric oxyhydroxides as an oxidized
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species, and through subsequent reduction to U(IV) it is incorporated in
minerals, such as for example goethite (Hsi and Langmuir, 1985; Liger
et al., 1999; Partin et al., 2013).

In order to estimate the relative enrichment of the redox sensitive
trace elements in the IF mesobands analyzed herein relative to conti-
nental sources, we calculated Enrichment Factors (EF) as follows:

[Crcdox / C, ef ] source

Megr is the metal EF, and Cr.qx and C, stand for the concentrations
of the trace element of interest and a reference element, respectively. We
use Al as an insoluble and abundant major reference element as we
believe that it adequately reflects detrital silicate phases in our chemical
sediments. We assume a PAAS-like composition to represent such a co-
sedimented siliciclastic fraction, with 100,026 mg/kg Al, 110 mg/kg
Cr, 1.5 mg/kg Mo, and 3.1 mg/kg U (Taylor and McLennan, 1985). In
addition, we report Cd EF (Table A1) using a LOES-like Cd concentration
of 0.124 mg/kg as reference (Schmitt et al., 2009).

The Cr, Mo, U and Cd EFs are plotted in Fig. 4 along with the Morro
Grande stratigraphic column. The EFs are strongly positive, but highly
variable. They appear not to reflect the distinction between carbonatic
IF (elevated [Mg + Ca]) predominant in the lower part, and cherty/
jaspilitic IF (low [Mg + Cal) in the upper part of the Banda Alta Fm.;
Fig. 3). EFs also do not show correlation with [Fe] of the mesobands (not
plotted here). Overall, the hematite mesoband samples studied herein
are similarly enriched in U, Cr and Mo (Fig. 6A, B), but with some
samples exhibiting significant U EF over Mo EF (Table 1, Fig. 6A). When
compared to EFs of these elements in IF mesobands reported in previous
studies (e.g. (Arting et al., 2023)), we notice a shift of the data reported
in the latter study towards increased Cr EF relative to Mo EF (Fig. 6B).
This is explained by the fact that Arting et al. (2023) used a smaller [Cr]
(54 mg/kg) as reference detrital normalization value than the PAAS
value of 110 mg/kg used herein. Our data presented herein are
compatible with computed Mo EF and U EF from the data reported by
Viehmann et al. (2016) on IF and MnF from various drill cores from the
Urucum ore district and those of iron-rich mesobands from Morro
Grande analyzed by Arting et al. (2023) (plotted in Fig. 6A for com-
parison). While some of our data points clearly show enrichments of Mo
relative to U (Mo EF plot above the 1:1 reference line in Fig. 6A), a
feature which is not as pronouncedly observed in the Arting et al. (2023)
data, a number of samples also exhibit a tendency to show elevated U EF
relative to Mo EF as also seen in the mesoband data set of Arting et al.
(2023).

Megr = (6)

3.4. Cr-isotopes

Chromium isotope signatures of the hematite mesobands are in the
range from 6°3Cr = +0.67 %o - +1.09 %o (Table 1), ca. 0.1%o higher than
hematite mesobands from the same drill core sections analyzed by
Arting et al. (2023). This small discrepancy is ascribed to the use of
different acid attacks (aqua regia vs. 6 M HCl) of the sample powders and
to the different detrital siliciclastic contamination in the hematite
mesobands studied by Arting et al. (2023) versus samples studied
herein. The 6 M HCI attack employed here is apparently beneficial for
improving the authigenic over siliciclastic signal as siliciclastic compo-
nents are less affected than by the more aggressive aqua regia attacks
used in the latter study. This is corroborated by the lower [Al] measured
in the sample solution compared to [Al] in solutions produced by Arting
et al. (2023) (cf. Table Al vs. Table S1 in the latter study). Long-term
stratigraphic variations in the measured §°°Cr signals are small
(Fig. 4). There is a lack of significant correlation between §°3Cr values
and [Cr] and major element concentrations, such as [Al] and [Ti], which
discriminate against siliciclastic detrital contamination (not plotted
here). Calculation of authigenic Cr isotope compositions (653Crauth) was
done according to the algorithm used by Gilleaudeau et al. (2018)
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Fig. 6. Enrichment factors for redox sensitive elements. (A) Ugr against Mogg
(diagram adapted from Algeo and Tribovillard, 2009) with red arrows pointing
to three types of modern redox-sensitive basins. Data plotted are iron-rich
mesobands from this study (dark blue big circles), iron-rich mesobands from
Arting et al. (2023) (small grey filled circles), pure IF samples from Viehmann
et al. (2016) and, for reference, Rapitan IF samples from Baldwin et al. (2012).
Blue thick solid line marks the modern seawater Mo/Usy trendline. The thin
blue line is the 1:1 trend line indicated for reference purpose. The array of data
from Urucum indicates transitions from weakly restricted to strongly restricted
basin evolutionary trends, with dominant open marine influence. For details
refer to text. (B) Crgr against Mogg in iron-rich mesobands from this study (large
blue filled circles) and from /\rting et al. (2023). The data from the work pre-
sented herein irregularly scatter around the 1:1 line, which indicates a similar
oxidative removal from the continental landmass and reductive stripping into
iron oxyhydroxides. Shift of iron-rich mesoband data published by Arting et al.
(2023) towards elevated CR EF values is due to use of a lower [Cr] for detrital
siliciclastics in the Al-normalization of their data relative to PAAS values used
herein. Mo EF are all recalculated using a Mo concentration of PAAS of 1.5 mg/
kg (Taylor and McLennan, 1985). For details refer to text. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

specified below, assuming a fixed ratio between Cr and Al as an
immobile reference element in the detrital component, and a more or
less congruent partial dissolution of the two elements.

Crdel sam — CrPAAS?r A1203 sam meas/A1203 PAAS (7)
%Crde\ = (Crdet sam /Crsam meas)% 100 (8)

653Craulh = (653crmeas_(653chAAS* (%Crdet sam/loo) ) )/(1_(%Crdzt sam/loo) )
©)

The subscripts “sam”, “meas”, “det” and “auth”, refer to sample,
measured, detrital and authigenic, respectively.

Authigenic Cr isotope compositions((SssCrauth), detrital Cr
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Table 1
Cr and Cd isotope signatures and Cr and Cd concentrations in hematite mesobands from the Banda Alta Formation.
Sample Depth 5°3Cr 20 [Cr] [Cr] 5'1cd 26 [Cd] [Cd] [Al] [Cr] %[Cr] %[Cr] 5°3cr [Cd] %[Cd] %[Cd] 5'1cd
ICP ID ICP D det det ID auth ID auth ID det det ID auth ID auth ID
m %o mg/kg mg/kg %o ng/g ng/g mg/kg mg/kg %o ng/g %o
VETRIA-01 15 0.78 0.08 9.07 10.54 —0.38 0.06 5.57 6.16 978 0.48 4.6 95.4 0.83 0.055 1.0 99.0 —0.18
VETRIA-02 25 0.77 0.03 10.14 11.15 2.16 2.16 601 0.29 2.6 97.4 0.80 0.012 0.5 99.5
VETRIA-03 30 0.69 0.06 1.89 1.78 4.37 5.16 616 0.30 17.0 83.0 0.86 0.029 0.7 99.3
VETRIA-04 50 0.80 0.07 6.23 5.00 —0.40 0.05 2.84 3.24 522 0.26 5.1 94.9 0.85 0.015 0.1 99.9 —0.20
VETRIA-05 60 0.76 0.05 2.93 3.02 —0.38 0.06 4.73 4.97 259 0.13 4.2 95.8 0.80 0.012 0.2 99.8 —0.18
VETRIA-06 70 0.84 0.07 0.88 1.37 —0.40 0.07 1.54 1.91 92 0.05 3.3 96.7 0.87 0.002 0.1 99.9 —0.20
VETRIA-07 80 0.78 0.06 2.08 3.17 1.96 2.36 244 0.12 3.8 96.2 0.81 0.005 0.3 99.7
VETRIA-08 920 0.93 0.14 4.22 4.27 3.22 4.31 909 0.45 10.4 89.6 1.06 0.036 0.2 99.8
VETRIA-09 100 0.97 0.09 2.05 4.05 —-0.30 0.07 2.26 6.45 545 0.27 6.6 93.4 1.04 0.032 1.4 98.6 -0.10
VETRIA-10 110 0.72 0.08 3.45 3.85 5.58 2.77 468 0.23 6.0 94.0 0.78 0.012 0.2 99.8
VETRIA-11 120 0.93 0.14 5.90 5.12 2.39 1.86 584 0.29 5.6 94.4 0.99 0.010 0.4 99.6
VETRIA-12 130 0.91 0.16 6.67 14.65 —0.34 0.07 8.34 0.00 796 0.39 2.7 97.3 0.94 0.045 0.5 99.5 —0.14
VETRIA-13 142 0.78 0.05 3.17 2.01 -0.19 0.10 3.82 1.87 287 0.14 7.0 93.0 0.85 0.005 0.1 99.9 0.01
VETRIA-14 152 1.06 0.07 4.77 5.40 4.65 3.46 311 0.15 2.8 97.2 1.09 0.010 0.2 99.8
VETRIA-15 160 0.72 0.07 2.14 2.49 429 0.21 8.5 91.5 0.80
VETRIA-16
V ETRIA-17 175 0.78 0.07 2.24 3.85 —0.42 0.09 3.28 2.56 234 0.11 3.0 97.0 0.81 0.005 0.2 99.8 -0.22
V ETRIA-18 185 1.07 0.06 4.28 5.12 —0.31 0.06 6.14 5.99 730 0.36 7.0 93.0 1.16 0.040 0.6 99.4 -0.11
V ETRIA-19 198 1.01 0.05 8.16 14.65 4.22 0.00 813 0.40 2.7 97.3 1.05 0.029 0.7 99.3
V ETRIA-20 208 0.72 0.04 1.78 2.01 -0.23 0.05 7.13 8.06 588 0.29 14.4 85.6 0.87 0.043 0.3 99.7 —0.03
V ETRIA-21 220 0.78 0.10 3.39 3.99 215 0.00 422 0.21 5.2 94.8 0.83 0.007 0.3 99.7
V ETRIA-22 230 0.99 0.08 10.76 12.64 —0.32 0.13 4.41 8.45 793 0.39 3.1 96.9 1.03 0.061 1.4 98.6 —-0.13
V ETRIA-23 245 1.02 0.09 2.18 2.51 3.31 3.35 422 0.21 8.3 91.7 1.12 0.013 0.4 99.6
V ETRIA-24 250 1.00 0.14 4.72 5.51 2.47 1.11 878 0.43 7.8 92.2 1.09 0.009 0.4 99.6
V ETRIA-25 255 0.92 0.12 4.50 5.15 -0.29 0.11 3.48 3.05 1035 0.51 11.3 90.1 1.04 0.029 0.8 99.2
V ETRIA-26 270 1.09 0.06 2.68 3.25 2.28 1.99 137 0.07 2.1 97.9 1.11 0.002 0.1 99.9
V ETRIA-27 280 0.89 0.12 6.83 7.33 1.50 176 0.09 1.2 98.8 0.90
V ETRIA-28 290 0.67 0.09 1.85 2.15 —0.41 0.07 4.80 3.17 1048 0.51 23.9 76.1 0.92 0.030 0.6 99.4 —0.21
V ETRIA-29 300 0.83 0.05 2.48 3.19 3.60 3.41 1019 0.50 15.7 84.3 1.01 0.032 0.9 99.1
V ETRIA-30 315 0.80 0.09 3.96 4.79 —0.29 0.05 1.15 0.75 663 0.33 6.8 93.2 0.87 0.004 0.4 99.6 —-0.10
V ETRIA-31 325 0.89 0.10 2.81 3.36 —0.43 0.06 6.63 7.12 183 0.09 2.7 97.3 0.92 0.012 0.2 99.8 —0.23
Average 0.86 4.27 5.25 —0.34 3.79 3.85 6.8 93.2 0.93 0.021 0.5 99.5 -0.14
2 o 0.12 2.62 3.72 0.07 3.62 4.24 10.3 10.3 0.24 0.017 0.7 0.7 0.15

ICP = Inductively Coupled Plasma; det = detrital; auth = authigenic; ID = Isotope Dilution.
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concentrations ([Crget]), and detrital and authigenic Cr fractions (%
Crget; %Crayth) are also listed in Table 1. The low %Crqe; fractions (range
between 2.7 and 23.9%) enabled the calculation of fairly solid 8°3Crauth
values. These are relatively homogeneous and define an average
5°3Crauem value of +0.93 + 0.24 %o (20, n = 30; Table 1; Fig. 4).

3.5. Cd-isotopes

Table 1 lists the [Cd] and 8'“Cd values of those mesoband samples
which we could successfully analyze. As mentioned before, the very low
[Cd] in the hematite mesobands (average of 3.8 + 2.4 ng/g; 20, n = 24)
posed an analytical challenge, mainly related to the ion chromato-
graphic removal of the very large Fe matrices. The insensitivity towards
siliciclastic contamination (detrital [Cd] shares listed in Table 1 are
<1.4% relative to total [Cd]; calculations analogous to eqs. 7-9 for [Cr]
using [Cd] of average loess of 0.12 pg/g and a 5'1*Cd value of +0.08%o
reported by Schmitt et al. (2009) for the correction routines) of
measured 5'1*Cd made it unnecessary to perform detrital share correc-
tions (since these only affect the third digit of the 5'14cd values;
Table 1). The measured 5''#Cd values are therefore considered to be
essentially authigenic in nature. Similar to §°°Cr values, 5'1*Cd values
are quite homogenously distributed along the studied core profile
(Fig. 4) and define a narrow range between —0.23 and + 0.01 %o, with
an average of —0.14 + 0.14 %o (20; n = 15) (Table 1). In particular, there
is no difference between 5!1*Cd values of hematite mesobands from the
upper, cherty/jaspilitic part to the Banda Alta Formation, and mesoband
samples from the lower carbonatic part, possibly pointing to carbonates
being a less important Cd host compared to hematite.

4. Discussion
4.1. Major element properties

Bulk core sample compositions differ significantly from the hematite
mesoband samples, as expected with respect to [Fe] and [Si], but also
with respect to major elements [Al] and [Ca] which are indicative of
siliclastic components and carbonate minerals. The low [Ca] and [Al] in
the mesobands indicates that we were successful in separating pure
hematite bands from both carbonatic and cherty/jaspilitic IF sequences,
and that we efficiently circumvented mesobands with detrital silici-
clastic components (hematite mesoband samples studied herein contain
only small amounts of [Al] typically <~1000 mg/Kg; Table 1). The
divergence in Mg + Ca between the outcrop samples from Morro Uru-
cum (Frei et al., 2017) and drill core mesoband samples studied herein
from Morro Grande (Table Al) can be explained as the result of either a
lack of sampling of carbonatic IF by Frei et al. (2017), or more likely, as a
consequence stemming from the leaching of carbonate minerals in the
surface samples as a result of weathering.

4.2. REY patterns and water sources

Positive Eu-anomalies in seawater correlate with the contribution of
high-temperature hydrothermal fluid input to the oceans (Elderfield
et al., 1997; German et al., 1990). Archean and Proterozoic BIFs are
characterized by positive Eu anomalies in their REY patterns, and
therefore this is traditionally interpreted to signify the admixture of
high-temperature fluids to continentally derived solutes entering the
oceans via run-off (Derry and Jacobsen, 1990; Dymek and Klein, 1988).

The hematite mesoband samples studied herein do not exhibit pos-
itive Eu-anomalies in their REY patterns (Eu/Eu* = 1.02 +/— 0.08 (20,
n = 30; Fig. 5A; Table Al). The similar lack of positive Eu-anomalies in
the Cryogenian glaciogenic Rapitan IF has been explained by (1) inhi-
bition of long-distance transport of hydrothermally derived Eu(II) as a
results of sufficiently oxidized open ocean waters (Baldwin et al., 2012),
and/or by (2) an effective isolation of depositional basins from the open
oceans (Klein and Beukes, 1993). Explanation (2) is compatible with rift-
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graben tectonic models for the depositional environment of the Jacadigo
Group put forward by Freitas et al. (2021), Graf et al. (1994) and Urban
et al. (1992). According to Frei et al. (2017), however, this model does
not account for the source for the large quantities of Fe and Mn, and the
different REY patterns observed by many research groups (Angerer
et al., 2016; Frei et al., 2017; Graf et al., 1994; Klein and Ladeira, 2004;
Viehmann et al., 2016) for IFs from the Urucum district. Furthermore,
while it tentatively could explain a potential low-T hydrothermal fluid-
and/or freshwater input to the surface waters (similar to what has been
proposed for the source of Fe and Mn in the ca. 2.4 Ga Hotazel Forma-
tion; Schier et al., 2020), postulated by Freitas et al. (2021) and Walde
et al. (2015), it does not conform with the transition to the open shelf
setting of the Corumba Group carbonates overlying the IFs of the Banda
Alta Formation (Gaucher et al., 2003).

Similar to the Neoproterozoic Rapitan IF (Baldwin et al., 2012;
Halverson et al., 2011), Early Cambrian IFs from the Jiertieke, Yelike,
and Taaxi regions in Western China (Liang et al., 2006) also lack positive
Eu-anomalies in their REY patterns and therefore contradict a high-
temperature fluid scenario for the source of Fe in these deposits. A
low-temperature scenario, on the other hand, and as mentioned above,
would be in line with the syn-tectonic depositional model for the
Corumba graben (Freitas et al., 2011). Such a scenario would allow a
deep-water metal fertilization of the Jacadigo Basin as argued for by
Angerer et al. (2016), Frei et al. (2017), Viehmann et al. (2016) and
Walde and Hagemann (2007). Our new REY patterns of pure hematite
mesobands from Morro Grande partially resemble those published by
Arting et al. (2023), and they are also similar to REY patterns of pure IF
samples from both Morro Urucum and Morro Rabichao reported by
Viehmann et al. (2016) and Angerer et al. (2016). The REY patterns of
iron-rich mesobands presented herein are typically seawater-like
throughout the entire Banda Alta Formation. They are characteristi-
cally positively sloped, exhibit predominantly negative Ce/Ce* and
show positive Y/Ho anomalies (Fig. 5A, B). If we compare our new REY
patterns with those published by Angerer et al. (2016) for the Santa Cruz
deposit on Morro Grande, we notice that all of them pertain to type (I)
patterns (classified as seawater-like patterns) categorized by these au-
thors. None of the other patterns observed by Angerer et al. (2016) (i.e.,
type (II) patterns characterized by positive slopes with only small
negative Ce/Ce*; and type (III) patterns characterized by flat slopes with
slightly MREE enriched (humped) buckles) are represented by our
samples. We attribute this to the pureness of the hematite mesoband
samples prepared for analyses in this study. We also note that REY
patterns from hematite mesobands from within the upper, cherty/jas-
pilitic, and from the lower carbonatic Banda Alta Formation section
cannot be distinguished from each other in their pattern shapes (cf.,
Fig. 5A), despite the difference in carbonate content of the mesobands.
Ca-carbonates could potentially contribute with LREE and MREE to the
overall REY budgets. The lack of significant covariance of Ca with }_REE
and Pr/Yb in the IF samples studied by Angerer et al. (2016), also in the
hematite mesobands studied herein (Table A1; not plotted here), sug-
gests that Ca-carbonates are not major contributors to the REE budget of
the hematite mesobands.

Positive Ce anomalies in suspended particulate phases of modern
oceans (and likewise the presence of correspondingly negative Ce
anomalies in oxidized seawater) haves been interpreted to derive from
adsorption of REE(IIl)s onto particulate MnOs surfaces, subsequent
oxidation of Ce(IIl) to Ce(IV) at shallow depths, and following prefer-
ential release of the light REEs over Ce(IV) at deeper depths by
desorption (Alibo and Nozaki, 1999; Tachikawa et al., 1997). Negative
Ce anomalies in marine chemical sediments are therefore regarded to
reflect deposition from oxidized water columns. The seawater-like REY
patterns observed for hematite mesoband samples from Morro Grande
studied herein, for most mesobands studied by Arting et al. (2023), and
for those pure bulk IF samples from Morro Rabichao and from Morro
Urucum studied by Viehmann et al. (2016), are compatible with depo-
sition from a water column characterized, at least periodically, by the
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presence of an oxidized surface water layer.

4.3. Redox sensitive trace elements

Mo and U exhibit a similar behavior in aqueous solution. Both ele-
ments are soluble as Mo(VI) and U(VI) under oxic conditions and exhibit
conservative behavior with long residence time, as observed in modern
seawater. They become particle reactive under anoxic conditions, as
they are consequently removed from the water column through
adsorption onto Fe-sulfides, Fe and Mn oxides, organic matter and clays
(Algeo and Tribovillard, 2009). In case of IFs, in the absence of euxinic
conditions, U(VI) and Mo(VI) is removed from the water column by
sorption onto iron oxyhydroxides in form of particle reactive uranyl
carbonate and molybdate ions. In this the removal pathway resembles
that of Cr(VI), where iron oxyhydroxides act as strong reducers for Cr
(VD) in a coupled reaction, producing highly particle reactive Cr(III). If
Fe?" is in surplus, Cr is quantitatively stripped from the seawater ac-
cording to the reaction 3 Fe(II) + Cr(VI) — 3 Fe(III) + Cr(IIl) preferred as
mechanism to explain the Cr isotope record in BIFs through time (Frei
etal., 2009). Effective and rapid stripping of dissolved Cr(VI) in this way
renders the residence time for Cr very short and enables therefore short
time scale resolution studies in IF depositional basins. Mildly euxinic
conditions are required for Mo to become particle reactive, while U is
reactive regardless of sulfidic species (Algeo and Tribovillard, 2009;
Morford and Emerson, 1999). This different behavior likely leads to
differentiated relative enrichments in respective sediments, and this
feature can be used to further infer redox conditions in the basin. Ura-
nium accumulation exceeds that of Mo in sediments formed in present-
day open oceans with oxic bottom waters. In contrast, Mo is preferen-
tially scavenged in euxinic basins, and this causes a shift to higher U/Mo
ratios in respective basin waters (Algeo and Tribovillard, 2009).

In the context of the U—Mo relationships in present-day seawater
described by Algeo and Tribovillard (2009), the Jacadigo Basin was
likely a partially restricted basin similar to the modern Cariaco Basin. In
such a basin, bounded by a bathymetric high, partial mixing of basin
surface waters with the open ocean water is possible, while mixing be-
tween surface and bottom waters would be likely inhibited (Lyons et al.,
2003). In fact, the bathymetric high allows the Cariaco Basin to sustain a
separate redoxcline from the open oxygenated ocean, allowing even
euxinic conditions to develop in the bottom waters. The maintenance of
a steady supply of Mo from the open ocean in such a scenario would
develop a steep Mo-enriched pattern in Ugg-Mogg space (Fig. 6A). In case
such a basin closes off, the Mo supply from the open ocean would be
inhibited and Mo would be stripped efficiently under developing euxinic
conditions. The basin waters then would show a relative increase in Ugg,
which would be expressed by horizontal deviation trends from the
seawater trend line in the Ugp-Mogp diagram of Fig. 6A. The data
computed herein for the hematite mesobands imply a partially restricted
nature of the Jacadigo Basin as indicated by some data points in Ugg-
Mogr space (Fig. 6A). Periods where the basin was likely fully silled are
also indicated by relative enrichments of U with data points plotting in
near-horizontal trends in Fig. 6A, potentially reflecting the development
of euxinic bottom water conditions. Such conditions are particularly
constrained to the carbonatic lower Banda Alta formation, i.e. to the
earlier period of iron formation deposition. The existence of such con-
ditions has been inferred by previous studies on the basis of varying REY
patterns (Angerer et al., 2016; Arting et al., 2023; Frei et al., 2017;
Freitas et al., 2011) in IFs from the Urucum district.

The intermittent relative U enrichment that is shown by many of our
samples (Fig. 6A) suggests that the basin was sporadically connected to
the open ocean, allowing oxic/suboxic conditions to develop in periods
where the Jacadigo Basin had limited exchange with oxygenated ocean
surface water. This was probably the case during periods of glacier
advance stages which prevented the surface waters from being in con-
tact with the oxygenated atmosphere.
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4.4. Cr-isotope signal

Quantitative removal of Cr from the surface water is a valid scenario
in the case of the Jacadigo Basin. It has already been suggested by Arting
etal. (2023) and Frei et al. (2017), who argued that a constant supply of
Fe?" from anoxic, ferruginous bottom waters below a redoxcline would
likely allow an efficient reductive removal of isotopically heavy Cr(VI),
as well as Mo and U from oxic surface waters. Assuming surplus dis-
solved Fe?" fertilized surface water conditions, the homogenous Cr
isotope record in hematite mesobands throughout the Banda Alta For-
mation also entails that there were no significant changes in particulate
Cr isotope composition during transport from surface water to the
anoxic bottom waters. Thus, the reduced, isotopically heavy Cr(III)
incorporated in the iron rich sediments likely records the isotope
composition of dissolved Cr in the ambient surface seawater of the
Jacadigo Basin. Cr isotopes in iron-rich chemical sediments may
potentially directly record a mixture of four different Cr input sources
into the basin. These are: (1) direct riverine input to the basin, i.e. in the
case of the Jacadigo Basin, runoff from the Rio Apa Block; (2) if appli-
cable, any subaqueous high-temperature hydrothermal input to the
basin; (3) contribution of Cr from the open ocean; and (4) input from
glacially-sourced Cr, included in iron oxyhydroxides that were bacteri-
ally reduced to dissolved ferrous iron.

Scenario (4) was favored by Baldwin et al. (2012) for the genesis of
the Rapitan IF. These authors postulated that strong primary produc-
tivity in the shallow water column would be necessary to establish a
three-tiered stratified water column with ferruginous deep water, an
oxic surface water layer forming during glacier retreat stages, and an
euxinic wedge at middle depths forming as a consequence of extreme
shallow water primary productivity and eutrophication. High primary
productivity in the surface waters of the Jacadigo Basin, as discussed
below, can be refuted by the Cd isotope signatures recorded in the he-
matite mesobands.

Cr input scenario (3) would have only been possible in periods
during which an open exchange between the Jacadigo Basin and the
open ocean was established, and it would be recorded in relative Mo
enrichment over U, with data expected to scatter around the Mo/Ugy
trend line in Fig. 6A. If Cr was essentially sourced in the open ocean, one
would expect to see some correlation with Mo and U (not considering
the potential establishment of euxinic conditions during certain time
periods). This is not demonstrated by our data set presented herein, and
we prefer to interpret this to indicate a decoupling of Mo and U from Cr
as a consequence of their different residence times.

This leaves us with the first two scenarios (scenario (1) and (2)
referred to above) for potential sources of Fe and Cr in the Jacadigo
Basin. The lack of positive Eu anomalies in the REY patterns of the
mesobands speaks against involvement of high-T hydrothermal fluids
(scenario (2)) in the Jacadigo Basin.

A mixing between a fresh-water and seawater (as implied by scenario
(1)) would potentially be recorded by variations in the slope of REY
patterns and by suppressed Y/Ho ratios. Instead, the patterns plotted in
Fig. 5A are sub-parallel and only distinguished by their inferred total
REY contents (cf. Table Al), a feature contesting a priori against a local
freshwater-ocean water mixing scenario, although freshwater input
during glacial meltdown certainly must have been a realistic scenario. In
this case, if such mixing in fact did take place, then the freshwater
component must have been low in overall metal (nutrient) concentra-
tions (such as potentially would be expected for glacier melt waters).

Although a low-temperature hydrothermal contribution cannot be
excluded completely, it leaves open ocean surface water (and ultimately
land-sourced and river-transported input of Cr(VI)) as the most likely
source for positively fractionated Cr isotopes in the Jacadigo Basin.

Other late Neoproterozoic IFs also show positively fractionated §°>Cr
values. Examples are: Arroyo del Soldado (Cerro Espuelitas Fm.) Fe-
cherts, Uruguay, 5°3Crmean + 1.3 %o, ca. 0.55 Ga; Yerbal IF, Uruguay,
5%3Crmean + 1.5 %o, ca. 0.57 Ga; Rapitan IF, Canada, 5°>Cryean + 0.9 %o,
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0.7 Ga (all from (Frei et al., 2009)); the Chuos and Jakalsberg IF,
Namibia, 5°3Criyean + 0.7 %o and + 0.8 %o, respectively, 0.73 and 0.63 Ga
respectively (Frei et al., 2017); Xiajiajiang IF (Fulu Formation), South
China, average §°3Cr + 0.91%o (Wei et al., 2018c).

4.5. Cr-isotope composition of Jacadigo Basin surface seawater

The 6°3Craum values recorded by the hematite mesoband studied
herein are in agreement with §°>Cr values of +0.13-1.53 %o of modern
day surface seawater (Bonnand et al., 2013; Bruggmann et al., 2019b;
Farkas et al., 2018; Goring-Harford et al., 2020; Goring-Harford et al.,
2018; Janssen et al., 2020; Paulukat et al., 2016; Pereira et al., 2015;
Rickli et al., 2019; Scheiderich et al., 2015).

Biogenic fractionation of Cr isotopes plays a major role in Cr cycling
in the modern ocean as recently shown (Janssen et al., 2020; Rickli et al.,
2019; Semeniuk et al., 2016). Another study by Janssen et al. (2022) on
the water column of the redox-stratified Lake Cadagno (Switzerland),
which is considered a modern Proterozoic ocean analog, challenges
quantitative Cr reduction scenarios in paleoredox reconstructions of
water 8°°Cr. As shown by these authors, non-quantitative Cr removal
can lead to sediment &°Cr that are different from dissolved Cr isotope
signatures in the overlying waters, and as demonstrated for Lake
Cadagno, do not reflect high §°Cr from oxidative continental weath-
ering. Janssen and co-workers (Janssen et al., 2022) show that removal
of isotopically light Cr produced by biogenic reduction of Cr either
directly or through production of Cr reductants, e.g. Fe2*, explains
isotopically light Cr(III) signals in sediments deposited in the deep
ocean, and offers an alternative scenario for isotopically heavy dissolved
Cr(VI) fractions in the surface layers. Non-quantitative Cr removal above
the chemocline (in which ~20-60% of [Cr] in the surface water is
commonly reduced; Janssen et al., 2022), enables the transport and
accumulation of isotopically light §°Cr to anoxic deep waters, as
demonstrated by these authors for Lake Cadagno, from where Cr is
poorly sequestered into sediments. The Lake Cadagno study led them
therefore to excerpt concerns for reconstructions of surface water col-
umns or weathering conditions from §°>Cr signals from sediments
deposited in these environments. In their view, such reconstructions
require accounting for fractionation during Cr removal as well as in-
ternal water column cycling which would result in variable water col-
umn 5°3Cr.

If non-quantitative biogenic Cr reduction was the primary control on
5°3Cr in the Jacadigo Basin, it would require a complementary reservoir
characterized by isotopically light(er) Cr. Organic-rich particulate
matter would offer one possibility, but the chemical sediments of the
Banda Alta Formation are devoid of organic matter. Remineralization of
potentially formed organic particles carrying light Cr isotopes would,
upon adsorption, impart heterogeneous isotope signatures in the settling
iron oxyhydroxide particulate shuttle which then would be imparted in
the hematite mesobands. This is obviously not the case as the latter are
characterized by rather homogeneous §°3Cr values (cf., Fig. 3; Table 1).
We therefore deem it more likely that quantitative abiogenic Cr reduc-
tion was the predominant process for shuttling Cr from the surface
waters to the sedimentary environment in the Jacadigo Basin. Such a
scenario would be more realistic as it takes the efficiency of Cr reduction
by the Fe(III) shuttle and the fact that large amounts of dissolved Fe(II)
would have been required for IF deposition, into consideration. This
does not a priori preclude bioproductivity (presence of phytoplankton)
in the photic layer of the Jacadigo Basin, which may or may not have
driven dissolved Cr in the surface water even more positively fraction-
ated before its scavenging and stripping by iron oxyhydroxides upon
upwelling of Fe?" into the oxic surface waters. However, as discussed
below, based on the Cd isotope record, we deem the primary production
in the Jacadigo Basin surface waters to have been low, and conse-
quently, the magnification of the isotopically heavy Cr signal from the
runoff to even more positively fractionated §°>Cr signatures was prob-
ably minimal.
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The homogenous and strongly positively fractionated §>>Cr signa-
tures of hematite mesobands from the ca. 350 m-thick massive IF section
at Morro Grande speak for a steady-state and effectively quantitative, Cr-
exhaustive Fe?" fertilization and removal from the Jacadigo Basin sur-
face waters during the entire depositional period. Based on the above,
we prefer to interpret the authigenic 5°Cr values of hematite mesobands
analyzed herein to closely reflect the average Cr isotope signature of the
ambient surface water in the Jacadigo Basin during the IF depositional
period.

4.6. Cd-isotopes

Similar to the Cr isotope records along the stratigraphic profile
covered by the drill core studied herein, Cd isotope signatures are sur-
prisingly homogeneous and define a narrow average 8''4Cd = —0.14 +
0.14 (20; n = 15; Table 1, Fig. 3).

Iron oxyhydroxides can sequester Cd via adsorption and isomor-
phous substitution. In adsorption and co-precipitation experiments, Yan
et al. (2021) recently showed that adsorption preferentially enriches
lighter Cd isotopes on iron oxyhydroxide surfaces through equilibrium
fractionation, with a similar fractionation magnitude (A Cdgolid-solu-
tion) for goethite (Goe) (—0.51 + 0.04%o), hematite (Hem) (—0.54 +
0.10%o), and ferrihydrite (Fh) (—0.55 £ 0.03%o). In contrast, Cd incor-
poration into Goe by substitution for lattice Fe has shown to preferen-
tially sequester heavy Cd isotopes, with a A114Cdsohd_solmion of

0.22 + 0.01%o (Yan et al., 2021). The fractionation has been pro-
posed to probably occur during the transformation of Fh into Goe via
dissolution and reprecipitation. The magnitude of these fractionations
also has shown by these authors not to be influenced by either the initial
Cd?* concentration or ionic strength nor the pH.

The predominance of hematite in the mesoband samples studied,
combined with the apparent lack of correlation between [Fe] and [Cd],
attests for a massive predominance of dissolved Fe?* over for dissolved
Cd?* which upon oxidation, potentially enabled efficient and quantita-
tive removal of Cd from the surface waters in the Jacadigo Basin during
periods of glacier retreats which allowed for exposure of the basin to the
atmosphere. This would render the application of fractionation factors
unnecessary as it would imply a quantitative transfer of the solution Cd
isotope signature into the IF-precursor phases.

The lack of organic material (OM) in the Urucum IFs, and in
particular in the hematite mesobands studied herein, does not preclude
the existence of primary productivity (phytoplankton booms) in the
surface waters of the Jacadigo Basin during exposure of the water
masses to the atmosphere upon glacier retreat stages. Anaerobic OM
remineralization by Fe(III) bearing phases (such as iron oxyhydroxides)
is a known process (Boyd et al., 2010; Chen et al., 2022) and others. If,
hypothetically, we assume that phytoplankton was present excessively
during IF depositional periods, then this would have had a significant
impact on the isotope signature of dissolved Cd in the surface waters. As
in modern oceans, these waters likely would then have been charac-
terized by positively fractionated 5'1*Cd values, because of the fact that
light Cd isotopes are preferably taken up by phytoplankton. If remaining
dissolved Cd then would have been adsorbed onto iron oxyhydroxides in
periods of upwelling Fe?*-rich bottom waters, then the iron oxy-
hydroxide particle flux would have inherited these signatures, eventu-
ally leading to heterogeneously distributed 5''“Cd values in the iron-
rich mesobands. The fact that the 5''*Cd values are relatively homo-
geneous and not positively fractionated, potentially signifies that pri-
mary productivity was low and that dissolved Fe?" was in surplus over
Cd2*. This, in our opinion, is corroborated by the very low [Cd] in the
mesobands.

Although Cd has experimentally shown to be adsorbed onto- or
coprecipitated with iron oxyhydroxides with equilibrium isotope frac-
tionation factors of ~ — 0.55 %o and ~ +0.22 %, respectively (Yan et al.,
2021), our preferred scenario of a quantitative removal of Cd by surplus
Fe?" fertilization in the surfaces waters of the Jacadigo Basin would
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favor a complete transfer of dissolved Cd from the solution to the solid IF
precursor phase. In support of such a mechanism, experiments by
Wasylenki et al. (2014) on Cd adsorption onto Fe—Mn hydroxides
showed almost negligible fractionation the longer fluid and solid inter-
acted with each other. In a complication of this scenario, assuming
anaerobic remineralization of small amounts of potentially present OM
by reduction of Fe(Ill) (flocculating iron oxyhydroxides), the isotopi-
cally light Cd that would have been associated with sinking OM,
potentially would have been released into the deeper water and most
likely adsorbed onto the iron oxyhydroxide particles. If operative, such a
process would then have led to a shift towards somewhat lighter Cd
isotope signatures in the settling iron oxyhydroxides. Such a scenario
could in fact explain the slightly negatively fractionated Cd isotope
signatures with an average 51'4Cd of —0.14 + 0.14 (20; n = 15) we
measured in the hematite mesobands.

In summary, we distinguish two scenarios: 1) a simple scenario in
which phytoplankton control of the dissolved Cd in surface waters is
neglected, and 2) a scenario in which both phytoplankton and iron
oxyhydroxides impacted on the Cd inventory of the water column. In the
first scenario, a surplus fertilization of the surface water columns with
dissolved, upwelled Fe?™ would almost certainly remove the dissolved
Cd completely, or quantitatively, similar to a nutrient supply-demand
balanced consumption of Cd by primary producers and subsequent
incorporation into sulfides forming in micro-environments of degrad-
ing/remineralizing OM under euxinic deeper water conditions (Geor-
giev et al., 2015; Sweere et al., 2020; Wang et al., 2023). In this respect,
the 5'1Cd measured in the hematite mesobands would reflect the Cd
isotope composition in the surface basin waters at times of glacier retreat
stages and Fe?tupwelling. In scenario two, in nutrient underbalanced
situations, uptake of light Cd isotopes into primary producers would
render surface water Cd isotopically heavy, and upon subsequent
quantitative stripping by iron oxyhydroxides, this isotopically heavy
signal would then be imparted into the IFs. Upon potential OM remi-
neralization deeper down in the water column, portions of the isotopi-
cally light Cd associated with OM could eventually be transferred to and
adsorbed by sinking iron oxyhydroxide particles, rendering these overall
isotopically lighter. Reconstruction of the upper surface water layer
composition would consequently underestimate the magnitude of
ambient, positively fractionated Cd signatures therein, i.e., the iron
oxyhydroxide signal attained from the surface water would be isotopi-
cally lowered, which would consequently result in the reconstruction of
an isotopically too light §'14Cd value in the surface water layer. At this
stage we are unable to further elaborate on potential scenarios, but
because of lack of indicators for a truly euxinic depositional environ-
ment (OM in the sediments, sulfides in the IFs), we prefer the simple
scenario of a stratified basin with an anoxic deep water depositional
environment and an oxic surface water layer in which bioproductivity
was low during interglacial periods. Sulphur-undersaturated Neo-
proterozoic seawater with low sulphate-reducing bacteria activity, has
for example been discussed as a result of the lack of typically sulphate-
rich freshwater supply during glaciation (Hoffman, 2009; Swanson-
Hysell et al., 2010). Alternatively, light Cd isotopic compositions in
Neoproterozoic Cap Carbonates have also been explained by sulphate
reduction in a stratified basin (Hohl et al., 2017).

Accepting the quantitative Cd stripping scenario by iron oxy-
hydroxides as preferential, then 5!'*Cd signals in the mesobands
(Table 1; Fig. 3) reflect the ambient Jacadigo Basin surface water sig-
natures. These are significantly lower than those in modern ocean sur-
face waters and potentially hint at very low primary production during
severe glacial conditions. Carbon isotope values of pre- and post-glacial
carbonates are typically negative (Halverson et al., 2002; Hoffman,
2009), near the canonical mantle value, suggesting that bioproductivity
collapsed during the severe Neoproterozoic glaciations. Carbonates in
the Banda Alta Formation yielded 8'°C values around —4 %o (Angerer
et al., 2016), which agree well with a synglacial origin in a moment of
low bioproductivity. This is especially surprising in the Jacadigo Basin,
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because upwelling of deep, anoxic water must have provided not only Fe
but also other nutrients, such as P and N, which are more concentrated in
deep ocean waters (De La Rocha, 2006). Moreover, biological diversity
and prosperity likely flourished during post-snowball glaciation,
particularly following the Marinoan glaciation. The atmospheric oxygen
levels may have been sufficient to drive intense weathering and support
biological survival (Bowyer et al., 2023; Krause et al., 2022). Upwelling
systems are the most productive marine environments in the modern
ocean (Kampf and Chapman, 2016), and the same is assumed for ancient
basins (e.g., Matheson et al. (2022)). The influx of meltwater from
retreating glaciers, however, may have impaired the development of the
biota by lowering salinity, as reported for present-day northern Baffin
Bay (Bergeron and Tremblay, 2014). Finally, it is worth noting that
Neoproterozoic glaciations were accompanied by the extinction of
several taxa, although other species survived through the glacial events
(Gaucher and Sprechmann, 2009; Moczydlowska, 2008). Neo-
proterozoic near-global glaciations were indeed challenging for the
biota, and this may help explain the low bioproductivity recorded in the
Jacadigo Basin. In any case, the perceived contradictions lined out
above warrant further investigations in the future.

4.7. A depositional model for the Urucum IF

Angerer et al. (2016) argue for a syn-glacial model for the deposition
of the Banda Alta Formation, with deposition of IFs during a
transgression-regression cycle. These authors envisage a scenario based
on systematic variations in REY patterns and 5°Fe, in which the Jaca-
digo Basin is considered a marine sub-basin which received REY from
freshwater, pore water or low-temperature hydrothermal sources, as
well from open ocean waters. According to these authors, mixing of
these different water sources led to three geochemically distinguishable
iron formation facies.

In their study on drill-core samples from Morro Urucum and Morro
Rabichao, Viehmann et al. (2016) found seawater-like REY patterns in
pure iron formation which resemble those of the hematite mesobands
analyzed in this study, besides shale-like patterns in IF samples with
detrital siliciclastic contents.

The prevalence of seawater-like patterns in the central to upper part
(200-30 m) of the drill-core samples analyzed by Arting et al. (2023) as
well as sporadically elevated Ugp-Mogr reported by these authors from
within the lower part of the core, support the transgressive model pre-
sented by Angerer et al. (2016) for the lower parts of the Banda For-
mation section. Increasing Y/Ho ratios in the mesobands studied herein
(Fig. 5C) support this scenario. As argued by previous authors, con-
nections of the Jacadigo Basin to open ocean likely were established
during inter-glacial periods characterized by glacioeustatic sea-level rise
(Arting et al., 2023; Frei et al., 2017; Viehmann et al., 2016).

Deposition of the IFs in the Jacadigo Basin exhibit pronounced
similarities with the depositional environments proposed for the Cry-
ogenian Rapitan IFs (Baldwin et al., 2012). Using redox sensitive
element enrichment factors (Mogr and Ugp), and correlation diagrams of
Mo vs. Fe03 and MnO, in which a strong relationship between these
metals in an entirely oxic water column would be expected, Baldwin
etal. (2012) postulated that Mo enrichment in the Raptian IFs happened
under euxinic conditions instead. The lack of any strong correlation
between Mo, Fe;03 and MnO (not shown here), across the full range of
hematite mesoband compositions presented herein, potentially signifies
that Fe (and Mn) deposition rates were not a limiting factor in Mo
enrichment, and that consequently a molybdate fixing particulate
shuttle was not the sole scavenging mechanism to explain the Mogg in
the Morro Grande IFs. Probably free H,S, as proposed for the Rapitan IFs
(Baldwin et al., 2012), was needed to drive Mo fixation instead, and this
would then also explain the high U EF values in some of the hematite
mesobands analyzed herein (Fig. 6A). The three samples with the
strongest enrichment in U (samples VETRIA 21,23,26; Fig. 6A; Table A1)
all are from within the lower, carbonatic Banda Alta Fm., and possibly
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hint at periods of the basin evolution which likely were characterized by
advanced glacier stages which prevented the surface waters to be in
contact with the atmosphere.

The postulation of a redox-stratified Jacadigo Basin with anoxic
bottom waters and with periods where a connection to open ocean
waters was established, is otherwise corroborated by a comparison of
Mogg vs. Ugp in the mesobands with the relationship of these elements in
modern environmental scenarios (Fig. 6A). With the exception of those
samples with strong U EF relative to Mo EF mentioned above, the scatter
of data along the open marine trend in Fig. 6A and the proximity of the
data to the seawater (Mo/Ugy) reference line would support such a
connection of the Jacadigo Basin to open ocean waters. A broad
connection of the upper parts of the water column with the open ocean
allows for constant Mo supply. In connection with a slow exchange
across the redoxcline, it allows for Mo enrichment over U, which is in
part reflected by some of the hematite mesobands studied herein and by
those of Arting et al. (2023) from the Urucum IF plotting above the 1:1
reference line in Fig. 6A. This is even more pronouncedly depicted by
Urucum IF data of Viehmann et al. (2016), and by published data from
Rapitan IFs (Baldwin et al., 2012); plotted in Fig. 6A for reference).
These data sets mirror those exhibited in modern silled basin waters
such as the Cariaco Basin (Algeo and Tribovillard, 2009).

All in all, it appears as if the Jacadigo Basin was characterized by
fluctuating sea water levels and retreat/advance stages of glaciers which
both had a strong impact on the water column structure and water
column redox. For example, changes in sea level associated with glacial
retreat are also consistent with the occurrence of Mn-beds in the lower
Jacadigo Basin (Fig. 1). These were likely deposited in shallow, more
oxic environments, on expanded shallow shelves during transgressive
stages in the beginning of the depositional period of the Banda Alta
Formation (Viehmann et al., 2016). The work of Viehmann et al. (2016)
on Morro Rabichao and Morro Urucum, and the recent work by Arting
et al. (2023) on hematite mesobands from Morro Grande, contrast with
the study of Angerer et al. (2016), in that the latter authors find no
evidence for significant freshwater influence. Rather, they consistently
find seawater-like REY patterns like those depicted by the hematite
mesobands studied herein, which are interpreted to imply open-ocean
connection during interglacial periods. Viehmann et al. (2016) howev-
er recognized that the flat REY patterns observed in the Mn-horizons at
the base of the Banda Alta Formation indicated a freshwater influx, and
they proposed that these were in line with their model proposing
shallow marine, more oxic shelf environments that prevailed during the
beginning of the depositional period of the Banda Alta Formation. A
similar model, namely the mixing and the involvement of low-
temperature hydrothermal fluids and benthic fluxes of sediment pore
waters transported by an upwelling current, followed by progressive
partial oxidation of the fluid, was proposed by Huang et al. (2021) for
constraining the metal source and depositional environment of the iron
and manganese deposits in Urucum.

Taking all the trace-element and Cr-isotope data published on the
Banda Alta Formation into consideration, and now also including the Cd
isotope record presented herein, we then must conclude that the Jaca-
dico Basin was a complex basin, most likely with several smaller sub-
basins with locally varying redox conditions that were at times iso-
lated from one-another. The surface layers of these sub-basins were
periodically in contact with oxic ocean surface water, and these basins
were fed and fertilized with nutrients and iron during periods of up-
welling of anoxic deep water from the open ocean, in a scenario similar
to that proposed for the ~600 Ma Algoma-type BIFs in the Seridé Group
of northeastern Brazil by (Sial et al., 2015). Changing environmental
conditions within the depositional realm of individual sub-basins are
best reflected by the variability in Crgr, Mogr and Ugp presented here and
in studies by Angerer et al. (2016), Frei et al. (2017), Viehmann et al.
(2016), and most recently by Al‘ting et al. (2023). Our Cd isotope record
presented herein for the Banda Alta Formation IFs attests for depressed
primary productivity and low nutrient supply during times of glacier
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retreats, despite the presence of continuously oxidized surface waters as
implied by the strongly positively fractionated 8°*Craye, values in the
hematite mesobands analyzed herein.

The seawater-like REY patterns of the hematite mesobands agree
with the scenario of periodical connection of the Jacadigo sub-basins
with the open ocean were the basins received their REY inventory and
were fertilized by iron from upwelled anoxic deep ocean waters.
Regardless of whether an open-marine signal was modified and/or
diluted in the Jacadigo Basin by freshwater derived from glacier melt
down, the lack of positive Eu-anomalies (Table Al; Fig. 5A) even in
samples with the highest Y/Ho implies that the Neoproterozoic ocean
appears to no longer had a prominent positive Eu anomaly derived from
the input of high-temperature subaqueous fluids, as otherwise empha-
sized for BIFs of the Archean and Paleoproterozoic (e.g., Kato et al.
(2006)). Signatures in the Cryogenian Rapitan IF (Baldwin et al., 2012)
support this change in high-temperature fluid input to the open ocean,
although some IF samples from the Jiertieke, Yelike, and Taaxi regions
in Western China, found interlayered with metavolcanic rocks and
classified as Algoma-type, revealed remarkably positive Eu anomalies
pointing to sporadic influence of high-temperature hydrothermal fluids
in certain depositional basins even in the Early Cambrian (Hu et al.,
2020; Li et al., 2018).

The interpretation of the Banda Alta Formation as being deposited
during a transgressional period is compliant with a deposition during
glacial melting. The only small scatter of 5°3Craun and 8'4cd
throughout the section and stratigraphically upward increasing Y/Ho
ratios in the iron rich mesobands support this Jacadigo Basin evolution.
Thin sea-ice, as in the model explaining the presence of rhytmites in the
Cerradinho Formation overlying the Banda Alta Formation proposed by
Hiatt et al. (2020), would have allowed an oxygenated surface layer to
form, but a steady supply of Fe and sediment starvation (Freitas et al.,
2011) would have kept iron oxyhydroxide formation the primary mode
of precipitation throughout the Banda Alta Formation.

5. Conclusions

REY systematics, combined with varying redox-sensitive trace
element (Cr, U and Mo) relationships in hematite mesobands of the
Banda Alta Formation (Jacadigo Group) point to the presence of
restricted sub-basins which periodically were connected to the open
ocean and were fertilized with nutrients and iron by upwelled anoxic
deep ocean waters. Isolation of the sub-basins from the open ocean was
potentially established by ice sheets. Intermittent enrichment of U over
Mo in the hematite mesobands of the Morro Grande drillcore studied
herein suggests the occasional transformation of anoxic bottom layers of
the stratified sub-basins to layers with euxinic water properties with the
presence of free HyS.

REY patterns of the mesobands are sub-parallel and seawater-like
and have predominantly distinct negative Ce-anomalies but lack posi-
tive Eu-anomalies. If mixing of ocean surface water with freshwater
from glacier meltdown did take place, then the freshwater must have
been low in overall dissolved metal content. The inferred low metal
content of an eventual freshwater component is compatible with very
low Cd concentrations in the iron-rich mesobands, averaging 3.9 + 2.2
ng/g.

Stratigraphically upward-increasing Y/Ho are compatible with a
transgressive scenario for the deposition of the (particularly lower)
Banda Alta Formation as proposed by Angerer et al. (2016).

Water mixing trends are not observed in 653Crauth and 8''*Cd values
of the analyzed iron-rich mesobands which cover the entire thickness of
the Banda Alta Formation. These non-traditional stable isotope signa-
tures are rather homogeneously distributed over the entire stratigraphic
profile and so imply relative stable surface water conditions, both with
respect to redox and bioproductivity levels. Throughout strongly posi-
tively fractionated 5°>Croyy, values averaging 0.93 + 0.24 %o (26; n =
23) exhibited by the mesobands are interpreted to reflect the ambient
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surface waters of the Jacadigo Basin and are compatible with modern
ocean surface waters. Lack of positively fractionated §'1*Cd isotope
signatures, which would point to primary productivity in the surface
waters, is taken as supporting evidence that the positively fractionated
Cr isotope values are the result of isotopically heavy Cr(VI) input to the
basin via run-off from continental landmasses that were exposed to
oxidative weathering during the late Neoproterozoic, rather than the
result of dominant biogenic fractionation as the case in the modern
ocean scenarios.

The unexpectedly low and rather homogenous &!'*Cd values
(average of —0.14 + 0.14 %o; 26, n = 15) measured in the iron-rich
mesobands are interpreted to mimic the Cd isotope signature in the
ambient surface waters, as we emphasize a quantitative stripping
through adsorption/coprecipitation onto/with iron oxyhydroxides
formed by upwelling of Fe?* into the oxidized surface water of the
Jacadigo Basin. These values then would indicate a low primary pro-
ductivity during the IF depositional period in the syn-glacial scenario, if
they are to compare with modern oceans.

The non-traditional stable Cr—Cd isotope tracer applied to banded
iron formations has the potential to be useful in the reconstruction of
redox and bioproductivity in ancient depositional basins.
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