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ABSTRACT

Cr isotopes recorded in iron formations (IF) are considered to have the potential to reflect the isotope sig-
natures in respective ambient surface seawater. The ~600 Ma Fe and Mn deposits pertaining to the Banda
Alta Formation (Urucum district, Mato Grosso do Sul, Brazil), comprise the world’s youngest and largest
Neoproterozoic sedimentary Fe and Mn formations (MnF). Shale normalized Rare Earth Element and
Yttrium (REY) patterns of drillcore samples show flat, positively sloped patterns with absent Europium
anomalies and near- to supra-chondritic Yttrium-Holmium ratios with negative Cerium anomalies, which
imply intermittent mixing of freshwater with seawater. Redox sensitive element enrichment factors
(Mogg, Ugr, Crgr) show positive correlation, indicating varying redox conditions across the Jacadigo
Basin, with ephemeral euxinic conditions. The Cr isotope signatures across the Urucum IF (5°>Craum at:
Morraria Grande + 0.93 * 0.34 %o, 20, n = 28; Morro do Rabichdo + 0.5 * 0.4 %o, 20, n = 3; and Morro
do Urucum ca. + 0.64 %0, n = 1) are statistically indistinguishable from previously published surface out-
crop samples at Morro do Urucum. Our new data support: (1) a stable supply of oxidized Cr potentially
from continental sources at the time of deposition, implying high atmospheric O, levels in the Late
Neoproterozoic; (2) insignificant alteration of the authigenic Cr isotope signals by tropical weathering
despite surface iron up-concentration and leaching of carbonates, and (3) lack of isotope effects that
would be associated with non-quantitative reduction processes and accompanying particulate transport
to the chemical sediments in the Jacadigo Basin. The combined information from (isotope)geochemical
data presented herein speak for a deposition of the Urucum IFs in restricted, periodically ice-covered
and stratified sub-basins with partial connection to the open ocean, and for the presence of a sufficiently
oxidative atmosphere which promoted a continuous supply of the surface waters with isotopically heavy

Cr from the weathering landmasses at this time.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction

ocean oxidation (e.g. (Bekker et al.,, 2010; Holland, 1984; Slack
et al.,, 2007), or by widespread development of euxinic (anoxic

Most Banded Iron Formations (BIF) were formed during the
Archean Eon and Paleoproterozoic Era, with most widespread
occurrence at ca. 2.5 Ga coinciding with the Great Oxidation Event
(GOE) followed by global non-deposition of IFs during the late
Paleoproterozoic and Mesoproterozoic (1.85-1.0 Ga) ((Eriksson
et al., 2004) and references therein). The absence of BIF deposition
in this period has been explained by complete lack or only weak
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and sulfidic) deep-ocean conditions along productive continental
margins (Poulton et al., 2010). These environmental conditions in
the late Paleoproterozoic and Mesoproterozoic were most likely
associated with long pauses in global plate tectonic activity and
plumes break out (e.g., (Stern, 2020)). After a billion years of scarce
BIF deposition, widespread occurrence of Iron Formations (IF)
appeared again in the Neoproterozoic. The Neoproterozoic IF were
formed during times of substantial environmental changes, and
many of them are interpreted as being deposited in association
with proposed global glaciation events, such as during the Sturtian
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(middle Cryogenian), Marinoan (late Cryogenian) and the Gaskiers
(Ediacaran) glacial events (Halverson et al.,, 2010). During these
time periods, stratified water column redox conditions developed,
allowing the accumulation of large amounts of dissolved iron in
the basins where iron formations were formed (Baldwin et al.,
2012). Some major Neoproterozoic IFs are: the Shilu Group BIF of
Tonian age (960-830 Ma: (Xu et al., 2014; Yu et al., 2022), the Rap-
itan Group in northern Canada, 715 Ma (Baldwin et al., 2012;
Halverson et al., 2011; Klein and Beukes, 1993; Young, 1976);
the Chuos Formation in Namibia, 750-650 Ma (Breitkopf, 1988;
Lechte et al., 2018); the Braemar Ironstone in South Australia,
750-700 Ma (Lottermoser and Ashley, 2000); the Ediacaran Arroyo
del Soldado Group (Frei et al., 2013; Gaucher et al., 2015), and the
Jacadigo Group of the Urucum-Mutun ore district in Brazil/Bolivia,
580-695 Ma (Angerer et al., 2016; Baldwin et al., 2012; Frei et al.,
2017; Freitas et al., 2011; Klein and Beukes, 1993; Klein and
Ladeira, 2004; Macdonald et al., 2010; Morais et al., 2017;
Viehmann et al., 2016). Some Neoproterozoic BIFs are unrelated
to glacial processes (also often referred to as Rapitan type), and
have been classified as Algoma type (e.g., (Basta et al., 2011; Sial
et al., 2015; Stern et al., 2013)) or Superior type (e.g. (Gaucher
et al,, 2015; Yu et al., 2022).

In the aftermath of near-global glaciations, phytoplankton pro-
ductivity increased (Planavsky et al., 2010), leading to increased O,
in the atmosphere, and eventually to the Neoproterozoic oxidation
event (NOE)(Frei et al., 2009). This was succeeded by the appear-
ance of the Ediacara fauna at ~575 Ma (e.g., (Droser and Gehling,
2015; Narbonne, 2005). It has been suggested that deep ocean
anoxia and ferruginous conditions were able to prevail throughout
the latest Neoproterozoic and 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 (Fig. 1) in Mato Grosso do Sul State, Brazil,
and are associated with glaciogenic deposits. The Urucum IF is
one of the world’s youngest and largest Cryogenian sedimentary
IF and Mn formation (MnF). This youngest Precambrian iron for-
mation has been proposed to have been deposited during a near-
global ice cover (“Snowball Earth” (Kirschvink, 1992)), preventing
exchange of oxygen between atmosphere and oceans, and thereby
causing accumulation of Fe(Il) dissolved in the oceans. Among
many debated models for the recovery from large-scale glaciation
(e.g. (Allen and Etienne, 2008; Le Hir et al., 2009; Peltier et al.,
2007), one model suggests that voluminous volcanic outgassing
could have raised the atmospheric CO5 to levels 350 times present
atmospheric levels (PAL) and so could have caused extreme green-
house conditions (Hoffman et al., 1998). This model was tested by
(Frei et al., 2017) using the Cr isotope redox-proxy at Morro do
Urucum (M. Urucum), and relying on the circumstance that the
release mechanism of Cr from the continents has a major control
on the Cr mass budget and significantly imparts on isotope compo-
sition of Cr in at least today’s ocean’s surface waters (Frei et al.,
2014), besides of a substantial and potentially primary control by
biological productivity in the photic water layers (Janssen et al.,
2020; Scheiderich et al., 2015). In their study of Cr isotopes in
the Urucum IF, (Frei et al., 2017) postulated that positively frac-
tionated signatures must have been caused by widespread oxida-
tive release of Cr(VI) from the continents, rather than by acidic
release of Cr(Ill) caused by elevated CO, greenhouse-like
concentrations.

Effects of surface run-off on the preservation of originally authi-
genic Cr (Crayen) isotope signals in IF outcrops has been advocated
in a recent study on the 2.95 Ga Izermijn IF, South Africa, in which
it was concluded that isotopically positively fractionated Cr in
these IF resulted from interaction of run-off surface water and sec-
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ondary reductive assimilation of positively fractionated Cr(VI) into
iron oxides (Albut et al., 2018; Albut et al., 2019). These authors
postulated that such modern process can mimic a positive signal
that is derived from modern oxidative weathering, rather than rep-
resenting an original authigenic signal that could have potentially
prevailed during the time of deposition of the IF (Albut et al., 2018;
Albut et al., 2019). In this study we expand the work published by
(Frei et al., 2017) on a surface stratigraphic profile of M. Urucum,
by including drillcore samples from the Santa Cruz deposit on
neighboring Morraria Grande (M. Grande; Fig. 1), and also encom-
pass eight drillcore samples collected by (Viehmann et al., 2016) at
M. Urucum and Morro do Rabichdo (M. Rabichdo; Fig. 1), with the
aim to reconcile recent findings in the Izermijn IF (Albut et al.,
2018; Albut et al., 2019). We present Cr stable isotopes, rare earth
element and yttrium (REY) patterns, and redox sensitive trace ele-
ment and major element data, in order to evaluate the effects of
modern weathering on the Cr isotope signal in the Urucum IF,
and to provide a basin wide model for the Cr-isotope signals.

2. Cr sources and pathways

Contribution of Cr to the oceans comes from either run-off from
the continents or through hydrothermal vent fluids. While the lat-
ter contributes with isotopically unfractionated Cr (8>3Cr = —0.12

1+ 0.11 %o; (Schoenberg et al., 2008), continentally derived Cr
may be positively fractionated as a result of oxidative weathering
release. Under oxidative weathering conditions, oxygen in the
atmosphere is a driver for the oxidation of immobile Cr(III) to sol-
uble Cr(VI) in the presence of Mn-oxides, which function as reac-
tion catalysts (Oze et al, 2007). Partial reduction of the
mobilized Cr(VI) leads to positively fractionated Cr isotopes in
the mobile fraction (D’Arcy et al., 2016; Farkas et al., 2013; Frei
et al,, 2009; He et al., 2020; Novak et al., 2017; Paulukat et al,,
2015; Wu et al., 2017). The positively fractionated dissolved Cr
(VI) compounds are transported from the continents to the oceans
where they either are sorbed onto particles or are, either biologi-
cally (e.g., (Janssen et al., 2020; Scheiderich et al., 2015) or abiolog-
ically (Frei et al., 2009; Janssen et al., 2022), reduced to insoluble Cr
(1) bearing species and deposited in marine sediments. The Cr
input budget of ocean waters is therefore determined by a mixture
between three end members: (1) hydrothermal Cr(III), (2) unfrac-
tionated continental Cr(IIl) carried by suspended load or dissolved
organically bound compounds and (3) soluble and fractionated
continental Cr(VI). In the modern ocean, the initial Cr isotope sig-
nal may be altered by biogenic redox processes in the water column,
for example by organic matter reduction (Janssen et al., 2020; Rickli
etal., 2019), by incorporation into carbonates (Frei et al., 2011; Wei
et al., 2018a), and by in-vitro effects of CaCO3 precipitating organ-
isms such as bivalves (Bruggmann et al., 2019a; Frei et al., 2018)
and planktonic foraminifera (Wang et al., 2016a). If dissolved Cr
occurs predominantly as Cr(VI), and if there is surplus fertilization
of the ocean waters with dissolved ferrous [Fe(Il)] iron, chemical sed-
iments such as IFs are capable of recording the positively fraction-
ated seawater 5°>Cr signature, if reductive stripping of Cr through
the Fe-oxy(hydr)oxide shuttle is efficient and quantitative
(Dgssing et al., 2011; Frei et al., 2009). In such a scenario, there is
an ultimate link of the fate of Cr between atmospheric oxygenation,
intensity of release of chromium from the continents, levels of pri-
mary productivity, and Cr records in iron-rich chemical sediments.
The Cr isotope signals captured in IFs have in the past been used to
infer on the evolution of Earth’s atmospheric oxygenation through
time, and ultimately as a record of climate changes in the Precam-
brian period (Frei et al., 2016; Frei et al., 2009; Konhauser et al.,
2011; Wei et al., 2018b).
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Fig. 1. Local geology of the Corumba area: (a) Simplified geological map around Corumba. Locations: 1, Morro do Jacadigo (Mutum); 2, M. da Tromba dos Macacos; 3, M. do
Urucum; 4, M. Santa Cruz; 5, M. Grande; 6, M. do Rabichdo; 7, M. do Zanetti; 8, M. Pelada; 9, M. d’Aguassu; 10, M. do Sajuta; 11, Laginia Quarry; 12, Corcal Quarry (Modified
after (Angerer et al., 2016). Location of drill hole VET-36-32, from which samples have been analyzed herein, is indicated (b) Simplified NE-SW striking profile, marked with
barred line on (a); location of drill hole VET-36-32 is indicated. (c) Summarized stratigraphic profile, showing known radiometric ages published by (Babinski et al., 2013; Frei
et al., 2017; Piacentini et al., 2013). Details see text. cl = clay, slt = silt, vf = very fine, f = fine, m = medium, c = coarse, vc = very coarse.

3. Geological setting

The geology of the Corumba region (Fig. 1) has been described
in previous publications (Freitas et al., 2011; Piacentini et al,,
2007; Piacentini et al., 2013; Trompette et al., 1998), and more
recently the tectonic, stratigraphic, structural and textural rela-
tions 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
mineralogical and sedimentary descriptions of the Urucum IF con-
tained in the articles by the aforementioned authors.

The Neoproterozoic rocks in the Urucum district are part of the
Jacadigo Group and pertain to the Rio Apa Block of the southern-
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most part of the Amazonian Craton. Sediments were deposited in
a rift to shelf setting (Trompette et al., 1998). Rocks of the Jacadigo
Group are unconformably overlain by Ediacaran limestones and
dolostones of the Corumba Group (e.g., (Almeida, 1965; Gaucher
et al., 2003; Hiatt et al., 2020; Morais et al., 2021; Walde et al.,
2015). The Jacadigo Group continues into Bolivia where it is known
as the Boqui Group.

The basement of the Rio Apa Block, which mainly consists of
granite and chlorite rich gneisses (Angerer et al., 2016; Viehmann
et al., 2016) is unconformably overlain by the Jacadigo Group
which is divided into three formations (Fig. 1): (1) The Urucum
Formation, comprising fine to medium-coarse grained siliciclastics
with local cross bedding and inverse grading (Fig. 2;. (Freitas et al.,
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Fig. 2. Field images: (a) Density flow deposit near the base of Banda Alta Formation, Vale Corumbaense mine. Sharp erosional base overlain by depression filling kaolinite
which grades into a Fe-oxide matrix supported conglomerate with kaolinized pebbles and boulders; (b) Kaolinized granitic boulder in the deposit shown in (a) Notice
disseminated smaller pebbles surrounding the boulder; (c) Density flow deposit in the middle of Banda Alta Formation, Vectorial mine, M. Grande, with up to 4 cm wide

basement clasts hosted in Fe-oxide matrix.

2011) and (Angerer et al., 2016) interpret these as fluvial deposits;
(2) The Cérrego Das Pedras Formation, comprising sandstone,
arkose and micro-conglomerate, as well as up to three primary
Mn-oxide layers (dominated by cryptomelane and braunite, <2m
thickness) (Freitas et al., 2011; Urban et al., 1992; 3) The Banda
Alta Formation, comprising a 360 m-thick succession of IF
(Fig. 1), is composed of three distinct layers: a basal and upper car-
bonatic sequence, and an intermediate cherty sequence. (Angerer
et al., 2016) and (Dorr, 1945) refer to this as the Santa Cruz Forma-
tion, and do not distinguish the transitional Cérrego das Pedras
Formation as a different stratigraphic unit. The IF comprises alter-
nating 0.5-10 cm, laterally continuous hematite-chert bands. Man-
ganese oxide dominated layers (42-48 % Mn) occur in four
separate horizons up to 3 m thick, and occur as tabular beds, near
the base of the Banda Alta Formation, while thinner beds appear
near the top. Diamictite layers are discontinuously intercalated
with the IF, with a lower diamictite sequence occurring at the base
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with waning frequency throughout the first 100 m, a second 30 m-
thick diamictite in the middle of the formation, and a third 60 m-
thick sequence at the top (Fig. 2). The Jacadigo Group contains no
significant tectonic repetitions (Angerer et al., 2016).

The depositional age of the Banda Alta Formation is indirectly
constrained: An upper age limit of 695 + 17 Ma is defined by detri-
tal zircon U-Pb ages from shaley beds in the IF (Frei et al., 2017),
recently confirmed by a 690 + 18 Ma U-Pb age reported by
(Freitas et al., 2021). A lower age limit has been determined by
U-Pb zircon ages of 543 + 3 Ma (Babinski et al., 2013), and
555 + 0.3 Ma (Parry et al., 2017) from ash layers in the overlying
Corumba Group, consistent with the Ediacaran fossil assemblage
in these rocks (e.g. Cloudina sp. and Corumbella sp.; (Gaucher
et al., 2003; Morais et al., 2021; Walde et al., 2015), as well as by
a 585-582 Ma Ar*-Ar age for Mn-bearing minerals in the Jacadigo
Group, interpreted as representing an early diagenetic event
(Piacentini et al., 2013). This makes the Banda Alta Formation con-
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temporaneous with the Gaskiers glaciation (Alvarenga et al., 2011;
Gaucher et al., 2009). The younger Gaskiers age preferred by (Frei
et al., 2017) is based on the occurrence of the Ediacaran fossils
immediately above the IF, as well as based on a correlation of the
Banda Alta Formation with iron rich shales of the Puga Formation
(part of the northern Paraguay Belt within the Serra da Bodequena
(Alvarenga et al., 2011; Frei et al., 2017; Trompette et al., 1998),
which is exposed ca. 50 km to the SSE of Corumba (outside map
area of Fig. 1). The Puga Formation sediments are correlated with
Ediacaran glacial deposits in Uruguay dated by U-Pb on zircon
between 590 and 573 Ma (Oyantcabal et al.,, 2009; Will et al.,
2021). In addition, a tentative five point Sm-Nd isochron on pure
IF samples of the Banda Alta Formation yielding 566 + 110 Ma
(Viehmann et al., 2016), although less precisely defined, is in sup-
port of the Gaskiers age of the Banda Alta Formation IF. However, a
Marinoan age around 635 Ma cannot be ruled out with the avail-
able geochronological evidence.

The primary evidence for syn-sedimentary glacial processes in
the Banda Alta Formation are outsized granitic clasts hosted within
the IF and MnF, a few centimeter to up to 10 m in their largest
maximum dimension, with elongated clasts often showing long
axes perpendicular to bedding (“bullet clasts”, (Gaucher et al.,
2015).. These have been suggested to be glacial in origin (i.e., rep-
resenting dropstones; (Trompette et al., 1998; Urban et al., 1992).
However, others (e.g., (Freitas et al., 2011) suggested a non-glacial
origin for these lonestones and explained their occurrence by
transport with sediment gravity flows and slumping of over-
steepened topography, as is evidenced by the presence of gravity
flows with smaller arkose and feldspathic sandstone clasts and
occasional outsized granitic clasts (Trompette et al., 1998), com-
patible with IF breccia and gravity flow shown in (Fig. 2). However,
gravity flows (e.g. grain and mud flows) are also very common in
glaciomarine settings, often in association with rain-out debris
(Einsele, 2000). The deformation around granitic boulders is gener-
ally more pronounced above them which can be explained by dif-
ferential compaction of less competent chemical deposits around
rigid granitic clasts. On the other hand, dolostone layers in the
Banda Alta Formation have negative  '3C values (-7.0 to —3.4 %o;
(Angerer et al., 2016; Klein and Ladeira, 2004), which are more
compatible with signals of carbonates deposited during or after
glaciation events (Halverson et al., 2005). Furthermore, (Freitas
et al., 2021) recently conceded a glacial origin for the Jacadigo IF,
and interpreted unconformities as the effect of glacioeustatic
uplift. Thus, the IFs were classified as a Rapitan-type (Frei et al.,
2017; Gaucher et al., 2015; Klein and Beukes, 1993).

4. Materials and methods
4.1. Samples

Samples were obtained from Vectorial Ltd. borehole STCR-DD-
36-32 (W57°31’58.30” S19°14'59.98”) at the Santa Cruz deposit,
Morraria Grande (M. Grande) (Fig. 1), which was sampled at 10-
meter intervals in iron rich intervals, avoiding any occurrence of
arkose/feldspathic sandstone. Hematite bands (referred to as
mesobands herein) were separated from these samples with a dia-
mond bladed rock saw and powdered in an agate mill. These sam-
ples are labeled VET, and are incrementally numbered with
sampling depth, and referred to as IF samples. Although care was
taken to select hematite mesobands, some samples show carbon-
ate phase leaching (VET-2, 4, 5, 13 and 14; Fig. 3), in some drillcore
samples it was impossible to obtain a pure hematite mesoband
sample, i.e.,, VET-20 (Fig. 3). Bulk drill core geochemical results
used herein are those from core logging provided by the Vectorial
Ltd. mining company. Eight powder aliquots of samples described
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by (Viehmann et al., 2016) were obtained for Cr isotope analysis.
These comprise three pure IF samples from Morro do Rabichdo
(M. Rabichdo, UR-62-*, Fig. 1) and five samples from Morro do Uru-
cum (M. Urucum, UR-51-%, Fig. 1), whereby two of those are Mn IFs
from the Corrego Das Pedras Formation (CD Pedras Formation)
directly underlying the Banda Alta Formation (Fig. 1). Representa-
tive drillcore samples are shown in Fig. 3.

4.2. Chemical analyses

Trace element concentrations were determined using solution
ICP-MS (Inductively Coupled Plasma Mass Spectrometry). The
samples were dissolved in a mixture of concentrated HCI-HNO3-
HF. The solutions were evaporated to incipient dryness and re-
dissolved twice in concentrated HCl, and once in concentrated
HNO:s. Finally, the samples were re-dissolved in 0.5 M HNO3 + 0.01-
M HF and analyzed with a Bruker Aurora Elite ICP-MS at the
University of Copenhagen using artificial standards for calibration
and '"In and '®Re as internal standards to monitor drift and
matrix effects. An iron formation standard (GIT-IWG IF-G;
(Govindaraju, 1984)) was analyzed as an internal control sample.
Major elements were analyzed at Bureau Veritas Canada Ltd. with
method LF300. Major element concentrations of bulk core intervals
from core STCR-DD-36-32 were obtained from Vectorial Ltd
(Table S1).

4.3. Chromium isotope analyses

Powdered samples were combined with a *°->4Cr double spike,
digested in a 1:3:1 solution of concentrated HCI, HNO5 and HF, and
passed over 3 gravity driven columns: (1) Fe-removal by 6 N HCI
extraction by passing the sample solution twice over a PolyPrep
column packed with 2 mL 100-200 mesh BioRad DOWEX AGx8
anion exchange resin following (Frei et al., 2009; 2) A pass over
the same column and resin as step 1, following the method of
(Schoenberg et al., 2008) to remove other matrix elements; (3) A
purification over BioRad columns packed with 2 mL DOWEX
200-400 mesh AG50Wx8 cation resin preconditioned with 0.5 M
HClI following the procedure of (Trinquier et al., 2008). The samples
were dissolved and collected in Savillex Teflon beakers between all
steps. The acids were in-house distilled Merck Emsure 37 % HCI
and 65 % HNOj3 acids, diluted as needed with Milli-Q ultrapure
water. Subsequently, the samples were loaded on Re-filaments
with 1.5 pL silica gel and 0.5 pL 1 M H,PO4 and 0.5 pL saturated
H3BO5 (further details in (Dgssing et al., 2011; Frei et al.,, 2016;
Paulukat et al., 2015), and analyzed in static mode on an IsotopX/
GV Isoprobe-T TIMS instrument. [sotopic compositions and Cr con-
centrations were reduced from raw data by using exponential mass
fractionation laws combined with the Newton-Rhapson method
implemented in an in-house Python 3 program (Rudge et al.,
2009) and references therein). Chromium isotope ratios are
reported using delta notation relative to National Institute of Stan-
dards, Standard Reference Material 979 (SRM979):

{ 53Cr/szcr]sample B

{ 53Cr/52 CI} SRM979

§3Cr = -1000%0

Spiked SRM979 was analyzed routinely, at similar beam inten-
sity (>2Cr at 500 and 1000 mV) and analysis time as the samples,
for assuring long term stability. Amplifier gain calibration was
run at least two times a day during analysis runs. As the spike is
calibrated to NIST SRM 3112a, raw analyzes were offset by the
mean measured value of spiked SRM979. The spiked SRM979 ana-
lyzes yielded a 2¢ external reproducibility of +0.09 %. for 500 and
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Fig. 3. Samples and representative images from the studied drill-core: (a) Sample VET-27: banded IF with nodular and granular bands (281.30 m; b) Sample VET-20: nodular
IF with carbonaceous ooids (212.00 m; c) Sample VET-05: IF with leached carbonates (38.30 m; d) Inversely graded granular layer in the basal part of Banda Alta Formation
(325 m, 4.6 m below sample VET-31; e) Deformed carbonatic and iron-rich nodules (311.8 m, above sample VET-30; f) Banded and nodular IF section (273 m, 2 m below

sample VET-26).White bars are 1 cm wide.

1000 mV >2Cr signals. In addition, five samples were processed and
analyzed a minimum of 5 times at different intensities in order to
determine sample and data collection reproducibility (Fig. 4).

5. Results
5.1. Major elements

Own data of IF mesobands are listed in Table S1, whereas bulk
core samples provided by Vectorial Ltd. are listed in Table S2.
Depth distribution of Fe, SiO,, CaO + MgO and Al,03 concentrations
in the IF mesobands and in bulk core samples are plotted in Fig. 5
for an overview purpose.

At the base of the Banda Alta Formation, between c. 300-350 m
depth, there is a gradual transition from the siliciclastics of the
underlying Corrego das Pedras Formation, to carbonatic IF in the
lower Banda Alta Formation. This is reflected by the gradual
decrease in concentrations of SiO, and Al,O3 in the bulk core sam-
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ples up until 320 m. There is an absence of pure hematite meso-
bands in this interval and we therefore did not sample them.
This basal interval is succeeded by two IF intervals (Fig. 5): (1)
the section between 350 and 150 m is characterized by
carbonatic-cherty IF with bulk CaO + MgO of ca. 10 %,
Al,03 <1 % wt., bulk SiO, around 20-30 % wt. and presence of car-
bonates (indicated by the jump towards higher CaO + MgO and
lower Fe and SiO, concentrations below ~150 m particularly in
the bulk core profile, but also reflected in the corresponding
changes in the IF mesoband compositions (Fig. 5) (2) at 150 m
there is a transition to cherty IF, with low CaO + MgO (<1 % wt.),
a transition marked by the reappearance of gravity flow deposits,
which are interspersed with pure IF beds throughout the upper
half of the core. This is reflected by an increase in Al,O3 (up to
10 % wt.) and SiO, fluctuating between 30 and 50 % wt. (Fig. 5).
The IF samples from M. Grande (Table S1) mainly comprise
hematite and chert mesobands, with ¥ Fe,03 (as total ranging
between 70 and 97 % wt., except samples VET-20, —24 to 31 with
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intervals; (b) Repeated analyses of 5 samples processed separately through chemistry. Cr isotope compositions are shown as deviation from the respective sample means,

errors are 2SE internal errors, and the gray field shows 2 ¢ of the analyses of +0.08 %o.

Fe,05 of 50-60 % wt. (Table S1; Fig. 5). Further, the SiO, concen-
trations form two apparent groups: One below ~10 % wt. and
the other group in the range 15-50 % wt. (Fig. 6). The distinc-
tion between these groups is not evident stratigraphically,
although high SiO, samples are more common in the upper
siliceous interval (Fig. 5). CaO and MgO in the IF samples are
generally low («1 % wt.), but respective concentrations in the
lower carbonaceous interval samples may reach up to 11 %
wt. Ca0 + MgO (Table S1; Fig. 5). The elevated Al,O, observed
in bulk samples (Table S1) is not reflected in the IF mesoband
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samples, where values are in the range of only 0.03-0.32 %
wt. (Table S1; Fig. 5).

The bulk Al,0, shows weak correlation with bulk SiO,, although
this correlation breaks down in siliciclastic intercalations where
the Al,05/SiO; is significantly higher. The Al,O3 in the hematite
mesoband separates is however at a constant low concentration,
attesting to only small contamination by detrital silicate compo-
nents (Table S1, Fig. 6).

These variations reflect the mixing in a four-component system
with a primary variation between non-aluminous SiO, phases (i.e.
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the reader is referred to the web version of this article.)

jasper) and Fe,03 bearing iron oxides, mixed in with independent
Al-silicates (clay, high Al,03) and carbonate components (high
MgO and CaO; Figs. 6, 7).

5.2. Rare earth elements and yttrium

Trace element concentrations of mesoband samples are also
listed in Table S1. Shale normalized REY anomalies were calculated
following the recommendations of (Bolhar et al., 2004) and (Bau
and Dulski, 1996) using the geometric mean to estimate the
unfractionated reference concentration and normalized to Post-
Archean Australian Shale (PAAS, (McLennan, 1989; Taylor and
McLennan, 1985):

Eu/Eu’ = Euy - Smy % - Thy '

Ce/Ce* = Cey - Pry 2 - Ndy

Relative abundance of Y in marine sediments is determined as
the Y-Ho ratio, with deviation from the chondritic value (ca. 28;
(McDonough and Sun, 1995) being indicative of a faster scavenging
of Ho relative to Y in seawater by different complexation with
respect to seawater inorganic ligands (mainly carbonate ions)
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and soft organic ligands (though unspecified) of the surface of par-
ticulate matter (Nozaki et al., 1997). Fractionation of Y and Ho dur-
ing weathering and fluvial transport to the ocean appears to have
minor influence on the relative abundance of Y and Ho in seawater
(Bau, 1999). > REE for the iron separates from M. Grande studied
herein is in the range 11 pg/g-92 pg/g, with a mean of 43 ng/g.
Shale normalized REY patterns are LREE depleted (Pr/Ybpaas 0.2—
1.1), exhibit negative Ce*/Ce (0.5-0.9) and are characterized by cir-
cumneutral Eu*/Eu (0.97-1.11), with a single positively fraction-
ated sample (Eu*/Eu = 1.77) (Table S1; Fig. 8a). Y-Ho ratios vary
between 22 and 40, with most samples having a neutral to positive
ratio (>28), except for 3 samples from M. Grande (Table S1;
Fig. 8a).

5.3. Redox sensitive trace elements

The redox sensitive elements Cr, Mo and U enter the oceans in
their oxidized states Cr(VI), Mo(VI) and U(VI) after release and
transport from the continents (Algeo and Maynard, 2008; Frei
et al,, 2014; Partin et al,, 2013). Under ferruginous conditions,
reduction of Cr(VI) to Cr(Ill) by upwelling Fe(Il) is efficient and
complete, and the low solubility product is incorporated into col-
loidal iron formation precursor phases (ferric oxy-(hydr)oxides,
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(Frei et al., 2009)). Like the oxidized species of Cr and U, Mo(VI) as
molybdate (MoO3") is soluble, and under oxidizing conditions is
slowly removed by incorporation into Mn-oxides. Under euxinic
conditions, Mo forms the thiomolybdate ion, which is particle reac-
tive and is sequestered by Fe-Mn oxides, Fe-sulfides, organic mate-
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rial and clay minerals (Algeo and Tribovillard, 2009). Similarly, U
(VI) is adsorbed by ferric oxy-(hydr)oxides as an oxidized species,
and through subsequent reduction to U(IV) it is incorporated in,
e.g. goethite (e.g. (Hsi and Langmuir, 1985; Liger et al., 1999;
Partin et al., 2013).

Concentrations of the redox sensitive trace elements Cr (0.41-
17.59 pg/g), Mo (0.03-1.04 pg/g) and U (0.06-5.96 ig/g) are com-
paratively low in samples from M. Grande (Table S1). Given the
mineralogy of the samples, Cr and U are likely to be associated with
hematite in the iron rich mesobands.

Enrichment factors (EF) are calculated to estimate the relative
enrichment of the respective redox sensitive trace elements in
comparison to their continental sources:

[Crgd())( /Cres } source

Meg; is the metal enrichment factor, and C,e4ox and Cyf. are the
concentrations of the trace element of interest and a reference ele-
ment, respectively. The reference element should be insoluble and
abundant in detrital silicate phases, e.g., Al, Ti, Th and others. We
use Al,Os3 in this paper as Al is a major element in the detrital com-
ponents. The source is assumed to be PAAS-like (18.9 % Al,0s,
110 pg/g Cr, 0.485 pg/g, Mo, 3.1 pg/g U; (Taylor and McLennan,
1985); Mo from (Marx and Kamber, 2010)).

The Cr, Mo and U EFs are plotted in Fig. 9 along with IF samples
from the Santa Cruz deposit (on M. Grande) from (Angerer et al.,
2016), and with so-referred “pure” (samples with negligible detri-
tal contamination), and “impure” (samples with elevated detrital
contamination and/or samples that have been altered during
weathering) IF samples from M. Urucum and M. Rabichdo pub-
lished by (Viehmann et al., 2016). In addition, the surface outcrop
samples from M. Urucum published by (Frei et al., 2017) are plot-
ted in Fig. 9. For reference, iron rich shale and IF samples from
Fazenda do S3o Manoel pertaining to the Puga Formation (Frei
et al., 2017) are also included. The EFs are highly variable but
mostly positive for all the three elements in the Urucum region,
so also for the M. Grande samples studied herein (Fig. 9a, b). Over-

Meg =
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all, the IF samples from the Urucum region are enriched in Mo over scatter of samples from M. Grande, M. Urucum and M. Rabichdo
Cr and U, and plot along a rough correlation trend in Crgg vs. MOgg studied herein, with a tendency to exhibit slightly higher Crg rel-
space (Fig. 9a). There are two samples with low Crgg (those samples ative to Mogr compared to the other samples. The samples from M.
from 200 m and 100 m; Fig. 10). We however note an excessive Grande, M. Rabichdo and M. Urucum studied herein are compatible
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in Ugr vs. Mogr space (Fig. 9b) with results from previous studies
but are shifted towards slightly elevated Ugg. Four samples yielded
particularly high Ugg (Fig. 9b).

Crgr show strong fluctuations, also on short depositional scales,
along the drillcore profile studied (Fig. 10). The down-log Mogr and
Ugr signals can be divided into six intervals: (1) an increasing EF
trend near the base (270-330 m; 2) an interval with decoupling
of Mogr and Ugr (270-220 m; 3) an interval with increasing and
steady Mogr and Uge (220-170 m; 4) an interval with relatively
constant Mogr and Ugg (170-100 m; 5) an interval with 100 fold
increase in EF (100-70 m); and (6) an interval characterized by a
sharp decline to EF background values of ca. 10 (70-10 m). If those
two samples with small Crgr and those 3 samples with high Ugg are
excluded, then there is a weak correlation trend between Crgy,
Mogr and Ug in the hematite mesoband samples from M. Grande,
M. Rabichdo and M. Urucum analyzed in this study (Figs. 9, 10).

5.4. Cr-isotopes

The measured §°3Crsgmo79 Of IF mesobands are in the range from
+0.5 to +1.0 %0 (Table 1). There is no significant stratigraphic vari-
ation in the 8°3Cr signal (Figs. 5, 10), nor is there any significant
correlation between the Cr isotope composition and Cr and major
element concentrations, particularly not with Al,O3 and TiO,,
which discriminate against siliciclastic detrital contamination
(Fig. 5). Previous studies have reported authigenic Cr isotope com-
positions that were calculated by correcting for detrital input (Frei
et al., 2017; Gilleaudeau et al., 2016), assuming a fixed ratio
between Cr and an immobile reference element in the detrital
component, and assuming the complete immobility of the other
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element (e.g. Al, Ti, Th or Zr). Using simple mass balance for a
two end-member mixture, we can correct for detrital influence
with the following equations (Gilleaudeau et al., 2018):

(1) Crget sam = Crpaas * Al2O3sam meas/Al2O3paas

(2) % Crger = (Crdet sam/crsam meas) * 100

(3) 653Crauth (553crmeas - (653crI’AAS * (% det Crsamlloo)))/
(1 — (% det Cream/100))

” o« ” o«

Where the subscripts “sam”, “meas”, “det” and “auth”, refer to
sample, measured, detritally-derived and authigenic, respectively.

In previous studies, the Cr/Al ratio of shale compilations were
used as first approximations for the composition of the detrital
component, e.g. PAAS, 110 pg/g Cr, 18.90 % wt. Al,05 (Taylor and
McLennan, 1985). This however induced a clear forced regression
in In Al,O5 - §°3Cr space, indicating a lower Cr concentration in
the contaminant. An iterative least squares approach instead was
employed to determine the relative Cr concentration in the detrital
contaminant. The §°3Cr,, Was repeatedly calculated for all IF sam-
ples while iteratively changing the assumed Cr concentration of
the detrital component, until no correlation was observed between
Al,03 and §°>Cr,yq,. This approach yielded 54 pg/g Cr in the detrital
material, i.e., roughly 50 % lower than in PAAS. Authigenic Cr iso-
tope compositions, detrital Cr concentrations, and detrital Cr frac-
tions are listed in Table 1 as well. 6°>Cray, values were not
calculated for samples with more than 35 % detrital Cr share.

In contrast to the varying trends observed in Cr, Mo and U EF, at
M. Grande, the §°3Cr values do not display correlated variations.
The>3Cr . values of the mesobands studied herein (excluding
the two samples with excessive detrital shares; Table 1) have a rel-

Table 1
Cr isotope signatures and Cr concentrations in IF mesobands from M. Grande and M. Rabichdo.
Sample 573Clmeas 2SEinc 2SEexc Cliot N Al,04 Crget % Cldet 5°3Crauth
%o uglg % uglg %o
UR-51-10 1.42 0.05 0.10 19.17 2 1.51 431 22.51 1.87
UR-51-11 0.54 0.05 0.09 19.01 2 0.65 1.86 9.77 0.61
UR-51-20 0.62 0.04 0.09 10.56 2 0.09 0.26 2.44 0.64
UR-51-26 0.41 0.04 0.09 4.08 1 0.26 0.74 18.21 0.53
UR-51-36 0.94 0.06 0.10 2091 2 1.04 2.97 14.21 1.12
UR-62-15 0.47 0.05 0.10 2.52 1 0.06 0.17 6.80 0.51
UR-62-25 0.31 0.04 0.09 11.19 2 0.08 0.23 2.04 0.32
UR-62-38 0.69 0.04 0.09 4.24 3 0.12 0.34 8.09 0.76
VET-01 0.91 0.04 0.09 4.47 5 0.22 0.63 14.06 1.08
VET-02 0.85 0.06 0.10 5.36 2 0.14 0.40 7.46 0.93
VET-03 0.63 0.04 0.09 2.30 5 0.15 0.43 18.63 0.80
VET-04 0.77 0.05 0.10 3.01 5 0.12 0.34 11.39 0.88
VET-05 0.79 0.06 0.10 7.04 4 0.06 0.17 244 0.81
VET-06 0.79 0.05 0.09 3.96 2 0.03 0.09 2.16 0.81
VET-07 0.80 0.04 0.09 2.83 8 0.09 0.26 9.09 0.89
VET-09 0.50 0.05 0.10 0.57 1 0.12 0.34 60.15 1.44
VET-10 0.72 0.06 0.10 14.66 5 0.12 0.34 2.34 0.74
VET-11 0.88 0.04 0.09 3.84 1 0.13 0.37 9.67 0.99
VET-12 0.90 0.04 0.09 12.27 1 0.21 0.60 4.89 0.95
VET-13 0.78 0.05 0.09 3.24 4 0.06 0.17 5.29 0.83
VET-14 1.08 0.07 0.10 7.58 2 0.07 0.20 2.64 1.11
VET-16 0.78 0.06 0.10 1.93 2 0.04 0.11 5.92 0.84
VET-17 0.80 0.05 0.10 6.76 3 0.08 0.23 3.38 0.83
VET-18 0.87 0.03 0.09 0.41 1 0.02 0.05 12.54 1.01
VET-19 0.80 0.09 0.12 4.65 3 0.32 0.91 19.66 1.03
VET-20 0.56 0.05 0.09 2.66 2 0.14 0.40 15.04 0.68
VET-21 0.89 0.04 0.09 10.40 1 0.10 0.29 2.75 0.92
VET-22 0.97 0.07 0.10 17.59 7 0.19 0.54 3.09 1.00
VET-23 0.99 0.06 0.10 1.37 2 0.11 0.31 22.94 1.32
VET-24 0.87 0.06 0.10 6.47 3 0.26 0.74 11.48 1.00
VET-26 0.96 0.05 0.10 15.50 1 0.03 0.09 0.55 0.97
VET-27 0.90 0.04 0.09 15.94 1 0.04 0.11 0.72 0.91
VET-28 0.49 0.05 0.10 5.36 2 0.17 0.49 9.06 0.55
VET-29 0.80 0.05 0.09 6.02 2 0.31 0.89 14.71 0.96
VET-30 0.87 0.06 0.10 10.98 4 0.17 0.49 4.42 0.92
VET-31 0.80 0.06 0.10 1.83 1 0.05 0.14 7.81 0.88
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atively small scatter and define an average of +0.93 + 0.34 %. (20,
n = 28). Two samples show anomalously low 8°3Cr,, values at
around +0.55 and 0.68 %o (Table 1; Fig. 10), but these values are
not correlated with respective EF of redox sensitive elements
(Fig. 10). The M. Rabichdo pure IF samples from (Viehmann et al.,
2016) analyzed for Cr isotopes herein yield an average 5°>Craum = +
0.53 £ 0.44 %0 (20, n = 3; Table 1), and the impure samples from M.
Urucum (Viehmann et al., 2016) analyzed for Cr isotopes in this
study are characterized by excessively scattered data with an aver-
age 6°3Crayih = +0.95 £ 1.12 %0 (20, n = 5; Table 1) documenting the
impureness and the resulting imprecision in calculating authigenic
signatures of these samples.

6. Discussion
6.1. Major element observations

With reference to major elements, the bulk core samples from
the Banda Alta Formation show three significantly different com-
positions: (1) Mg-Ca enriched carbonaticlF below 150 m; (2) Mg-
Ca poor jaspilitic IF above 150 m; and (3) Al-Si rich bands near
the base and intermittently throughout the section (Fig. 5).

The difference between the composition of the bulk samples
and the analyzed IF mesoband samples reveals that, when possible,
we were successful in separating pure hematite bands from car-
bonatic and cherty/jaspilitic IF sequences. Contrary to bulk core
and surface samples studied by (Frei et al., 2017), the IF hematite
mesoband samples studied herein contain negligible amounts of
Al,05, suggesting that most detrital material was circumvented
by sample selection in all but two samples with elevated Al,Os.
There is a divergence between the outcrop samples from M. Uru-
cum (Frei et al,, 2017) and IF samples studied herein from M.
Grande regarding MgO + CaO, suggesting either that no carbonatic
IF were sampled there or that carbonate minerals had been leached
from surface samples as a result of weathering (Fig. 6). This differ-
ence is not apparent in the Fe,03/SiO, ratio as both groups of sam-
ples plot along the same negatively sloped trend line in Fig. 7,
indicating that Fe203 and SiO2 inventories in bulk cherty/jaspilitic
IF have not been incongruently leached from the surface samples
compared to drillcore hematite mesoband samples. Only 4 IF
hematite mesoband samples show elevated MgO + CaO contents
(Fig. 6) and these samples plot in the field towards carbonate bear-
ing (carbonatic) IF in Fig. 7, showing the successful isolation and
separation of the hematite also in the interval towards the CD Ped-
ras Formation (Fig. 5,7).

For the IF to record the seawater Cr isotope composition, the
detrital input must be minimal, since shales, on average, have a
Cr content of ca. 110 ppm (e.g. PAAS, (Taylor and McLennan,
1985), i.e. an order of magnitude higher than the sample Cr con-
centrations. The low concentration of Al;05; («1 % wt.) and TiO,
(«0.1 % wt.) does indicate that the detrital contribution is rela-
tively minor to the Cr isotope signal for most samples (cf., Table 1).

6.2. Rare-earth element budget and water sources

Europium is enriched in high-T hydrothermal fluids relative to
continentally derived solutes delivered to the oceans by rivers
(Elderfield, 1988; Elderfield et al., 1997). Positive Eu-anomalies in
seawater therefore correlate with the contribution of hydrother-
mally derived REE fraction, in particular, the contribution from
high-temperature hydrothermal fluid (German et al., 1990). The
presence of positive Eu-anomalies in Archean and Proterozoic BIFs
is therefore indicative of the presence of high-temperature
hydrothermal admixtures (Derry and Jacobsen, 1990).
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Except for a single sample, the VET samples studied herein do
not exhibit a positive Eu-anomaly, the only exception being sample
VET-31 taken near the transitional base of the Banda Alta Forma-
tion. In the Cryogenian glaciogenic Rapitan IF, two explanations
have been found for the similar lack of an Eu-anomaly: (1) suffi-
cient oxygenation of the open ocean to inhibit long-distance trans-
port of hydrothermally derived Eu(Il) (Baldwin et al., 2012) or, (2)
effective isolation of the basin from the open oceans (Klein and
Beukes, 1993). The second explanation is in lieu with tectonic
observations of the Jacadigo Group (Freitas et al., 2011; Graf
et al., 1994; Urban et al., 1992). (Frei et al., 2017) however argue
that this model fails to provide a source for the large quantities
of Fe and Mn, and the diversity of REY patterns observed in sedi-
ments from the basin (Angerer et al., 2016; Frei et al., 2017; Graf
et al., 1994; Klein and Ladeira, 2004; Viehmann et al., 2016), to
explain the presence of low-T hydrothermal fluids and/or freshwa-
ter input to the surface waters (Freitas et al., 2011), and to accom-
modate the transition to the open shelf setting of the Corumba
Group carbonates succeeding the IFs (Gaucher et al., 2003).

Archean and Paleozoic hydrogenous chemical sediments often
have positive Eu-anomalies. They are commonly used to imply
ocean anoxia, as Eu?* is more soluble in water than trivalent REE,
allowing long distance transport from high-T vent systems. REY
patterns from all three “morros” in the Urucum district lack posi-
tive Eu-anomalies (Angerer et al., 2016; Frei et al., 2017,
Viehmann et al., 2016), similar to the Neoproterozoic Rapitan IF
(Baldwin et al., 2012; Halverson et al., 2011), and also with resem-
blance to Early Cambrian IFs from the Jiertieke, Yelike, and Taaxi
regions in Western China (Liang et al., 2006). These contradict a
high-T fluid scenario as the source of Fe. (Frei et al., 2017) argue
instead for low-T fluids as alternative REE source, as REY patterns
published by (Frei et al., 2017) from M. Urucum are similar to those
of modern low-T spring waters (Michard et al., 1993), and further
suggest these are a possible Fe source because of their high Fe/Mn
ratios (values between 6 and 30). This is also in line with the syn-
tectonic depositional model for the Corumba graben (Freitas et al.,
2011), allowing deep water metal fertilization of the Jacadigo Basin
(Walde and Hagemann, 2007). Considering the adjacency of M.
Urucum deposit to M. Grande and M. Rabichdo (Fig. 1), there are
similarities but surprisingly also significant differences in the geo-
chemical character of IFs from the different “morros” (Angerer
et al.,, 2016; Frei et al., 2017; Viehmann et al., 2016). M. Grande
and M. Rabichdo IF drillcore samples have significantly lower con-
centrations of detritally derived elements (Al, Ti, Zr) and base met-
als (Cu, Co etc.) than M. Urucum (Frei et al., 2017). Our results from
M. Grande drillcore samples agree with the differences in
detritally-derived elements (base metals were not measured) of
the (Viehmann et al., 2016) and (Angerer et al., 2016) studies.
The reported differences in  Fe,03 between M. Urucum and M.
Grande in the above two studies are not reflected in our sample
set due to selective sampling and analysis of iron rich mesobands
instead of bulk rock powders. The measured REY patterns in sam-
ples from the present study do not agree with the patterns of M.
Urucum surface profile samples analyzed in the study of (Frei
et al., 2017) but are in line with those reported as pure IF by
(Viehmann et al., 2016) for both M. Urucum and M. Rabichao,
although showing a higher variation in >_REE (Fig. 8). They are typ-
ically seawater like with a positively sloped pattern, with negative
Ce/Ce*ppaas and positive Ypaas anomalies. Three REY types were
defined by (Angerer et al., 2016) for the Santa Cruz deposit on M.
Grande: (I) Seawater-like (II) positively sloped small negative Ce/
Ce*; and (III) flat slightly MREE enriched patterns. All of these pat-
terns are represented in our study (Fig. 10e).

Throughout the studied drillcore section, the patterns alternate
between the seawater-like, negative Ce/Ce* and superchondritic Y/
Ho ones, and steeper patterns with nearly absent Ce/Ce* and sup-
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pressed, near-chondritic Y/Ho (Fig. 10). Three of the IF samples
observed on M. Grande exhibit the same flat REY pattern as seen
in the underlying Urucum Formation These are similar to the “he-
matite mud” pattern of (Angerer et al., 2016).

The patterns observed for IF mesoband samples from M. Grande
and from M. Rabichdo, and from M. Urucum studied herein, are
compatible with a mixing model between a seawater source and
a freshwater source for REY (Fig. 11). Surface outcrop samples from
M. Urucum, and iron-rich shale samples from the Puga Formation
clearly plot separately in the discrimination diagrams of Fig. 11 and
necessitate special attention (see below).

6.3. Effect of weathering on REY

The hump shaped PAAS normalized patterns observed in sur-
face samples from M. Urucum by (Frei et al., 2017), do not match
the model presented above. In their review of high-grade
hematite-martite ores, (Gutzmer et al., 2008) show similar
hump-shaped patterns, though normalized against a iron forma-
tion protolith, for supergene enriched samples from the Maremane
IF, South Africa, and for ore samples from M. Urucum. They argue
for retention of LREE relative to HREE in (Al-) phosphates, which
formed during supergene leaching. In a quantitative mineralogical
study of altered BIFs from the Witwatersrand-Mozaan Basin (South
Africa), combined with observations on leaching behavior and dis-
tribution of REEs in the BIFs, (Smith et al., 2008) reached a similar
conclusion that REE-bearing phosphates have a major control of
the REE budget in altered BIFs of the supergene environment in
that the REE phosphates accounted for up to 31 % of the REE inven-
tory in these BIF. Re-distribution of REE into secondary phosphates
has also been observed during modern weathering (Braun et al.,
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1990; Nelson et al., 2003), and in an andesite paleosol associated
with the Maremane IF (Wiggering and Beukes, 1990). This process
leads to relative enrichment of LREE over HREE (seen as e.g., high
Pr/Yb), which correlates with the Fe enrichment. In the surface pro-
file samples from M. Urucum (Frei et al., 2017), there is a correla-
tion between Pr/Yb and Al,O; (Fig. 12a), a trend which is
incompatible with detrital influence, as it reaches higher Pr/Yb
than PAAS and the “local” shale from the Puga Formation (Frei
et al., 2017) taken here as reference, indicating a secondary process
of alteration. Conversely, Pr/Yb neither correlates with P,0s nor
with Fe,05 in the samples of Frei et al. (2017), suggesting another
process than secondary phosphate scavenging leading to the
observed hump-shaped patterns recorded by the surface outcrop
samples. A more recent study on supergene weathering effects
on the Paleoproterozoic Caué Iron Formation in the Iron Quadran-
gle of Brazil by (Sampaio et al., 2018) documented LREE enrich-
ment over HREE and depressed Y/Ho ratios in altered surface-
near IF samples, which these authors preferred to interpret as a
result of mobilization of HREE relative to LREE in the supergene
environment, along with intense leaching of silica and secondary
enrichment of Fe during chemical weathering. Uncovering the nat-
ure of these processes affecting the REY patterns of surface
exposed IFs from M. Urucum necessitates further detailed investi-
gations in the future.

6.4. Detrital contribution to REY

Possible detrital contamination by transported sediments must
be considered when interpreting trace element data of chemical
sediments. As (Angerer et al., 2016) report, there is a significant dif-
ference between the observed REE patterns of the Banda Alta For-
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systematic relationship between Cr concentration and Al,Os3 in the IF samples from
M. Grande (studied herein, blue filled circles) and in the surface IF samples from M.
Urucum (empty orange squares; data from (Frei et al, 2017)) attests for a
dominance of an authigenic Cr fraction in these IFs. In contrast, a significant
correlation of Cr with Al,05 exists in iron rich shale from the Puga Formation and in
impure IFs from M. Urucum. (d) lack of correlation of raw (i.e., measured,
uncorrected for Cr contribution from detrital siliciclastics) 5°>Cr in IF samples with
below ca. 1 % wt. Al,03 attests to a predominantly authigenic Cr isotope signature in
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contamination of Cr by detrital silicilastics) 8>>Cr are shown with gray open and
closed circles that are connected to respective symbols marking authigenic
compositions. Filled symbols are from this study. Open symbols and crosses
indicate data from (Angerer et al., 2016), (Viehmann et al., 2016) and (Frei et al.,
2017). The gray shaded band marks the igneous silicate Earth reservoir defined by
(Schoenberg et al., 2008). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

mation and shale composition (Fig. 8), in particular with respect to
high Ypaas anomaly and pattern slope (Pr/Yb)paas. However, con-
sidering the M. Grande and the M. Urucum samples studied herein

53

Gondwana Research 124 (2023) 39-60

and those of (Frei et al., 2017), there is a weak covariation between
(Pr/Yb)paas and Al,O5 as well as significant covariation between >~
REE and Al,05 (Fig. 12b). Although the >~ REE shows covariation
throughout the Al concentration range, this is not reflected in the
Pr/Yb ratio, which shows a distinct kink above ca. 1 wt % Al,O3,
indicating that below this threshold detrital input is not controlling
the REY budget in the iron formation.

Similar to shale normalized REY pattern of seawater (Alibo and
Nozaki, 1999), the samples are characterized by depletion of LREE
relative to HREE, a negative Ce/Ce* caused by sequestration of Ce*"
by ferromanganese crusts and nodules (Bau, 1999), as well as near-
to superchondritic Y/Ho ratios (>28). The pronounced La/La* and
Gd/Gd* reported for samples from M. Urucum (Viehmann et al.,
2016) are not found in the M. Grande samples studied herein.

Presence of apatite as an accessory phase may significantly
impact on the measured REY composition. Using a P,05 average
of 0.2 % wt. in the IF hematite mesobands (Table S1, range of
0.012-0.9 % wt.) as a proxy for apatite content and approximately
5000 pg/g > REE in apatite (Frei et al., 2017; Nagasawa, 1970), and
given the average > REE in the IF samples of 42 ug/g, this could
account for up to ~25 % of the total REE budget for the samples
(over 100 % for 0.9 % wt. P,05). Although this is a significant portion
of possible apatite hosted REE, no correlation is found between
P,0s and > REE nor between P,0s and MREE/HREE ratios such
as represented by Pr/Yb (not shown), signals that are typical of
phosphate phases (Braun et al., 1990; Nelson et al., 2003). This sug-
gests that the potential contribution of REE from phosphates in the
samples studied is not enough to alter a seawater like REY patterns
to a hump-shaped one as observed in the surface IF samples from
M Urucum studied by (Frei et al., 2017).

Another possible LREE and MREE contributor may be Ca-
carbonates. In agreement with (Angerer et al., 2016), the lack of
significant covariance of CaO with Y REE and Pr/Yb in the IF sam-
ples, suggests that Ca-carbonates are not major contributors to the
REE budget either.

6.5. Redox sensitive trace elements

Under oxic and anoxic aqueous conditions, Mo and U behave
similarly. In oxic conditions they are soluble as Mo(VI) and U(VI)
and display conservative behavior with long residence time, as is
observed in modern seawater. Under anoxic conditions, they
become particle reactive and are scavenged through adsorption
to particulate matter: Fe-sulfides, Fe and Mn oxides, organic matter
and clays (Algeo and Tribovillard, 2009). During deposition of iron
formations, in the absence of euxinic conditions, the depositional
mechanism for U(VI) and Mo(VI) is by sorption onto Fe-oxy-
(hydr)oxides as particle reactive uranyl carbonate and molybdate
ions. These oxides are also strong reducers for Cr in a coupled reac-
tion, producing highly particle reactive Cr(Ill) which is completely
stripped from the seawater (3 Fe(Il) + Cr(VI) — 3 Fe(Ill) + Cr(III))
(Frei et al., 2009). This will naturally lead to a very short residence
time for Cr. Mildly euxinic conditions are required for Mo to
become particle reactive, while U is reactive without regard to
presence of sulfidic species (Algeo and Tribovillard, 2009;
Morford and Emerson, 1999). The relative enrichment of these ele-
ments may be used to infer redox conditions in the basin. In the
open ocean with oxic bottom waters, U accumulation exceeds that
of Mo, while in euxinic basins, Mo is preferentially scavenged,
which would shift the basin waters to higher U/Mo ratios (Algeo
and Tribovillard, 2009). Cr with a short residence time will in con-
trast reflect shorter time supply fluctuations.

(Frei et al., 2017) argue that in context of the observations put
forward by (Algeo and Tribovillard, 2009), the Jacadigo Basin was
a partially restricted basin similar to the modern Cariaco Basin
off the Caribbean coast of Venezuela. Such a basin would be
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bounded by a bathymetric high allowing partial mixing of basin
waters with the surrounding ocean, and inhibiting mixing between
surface and bottom waters (Lyons et al., 2003). The bathymetric
high allows the Cariaco basin is to sustain a separate redoxcline
from the open oxic ocean, allowing euxinic conditions to develop
in the bottom waters, while still maintaining a steady supply of
Mo from the open ocean through, e.g., a Mn/Fe shuttle. This would
develop a steep Mo enriched pattern in Mogg-Ugr space (Fig. 9b).
Should such a basin be closed off, the Mo supply would cease,
and the basin would show a relative increase in Ug, leading to a
horizontal deviation from the partially restricted behavior caused
by the silled basin in Moge-Ugr space (relative U enrichment,
Fig. 9b). Our data is at odds with the Jacadigo Basin being a silled
basin throughout its depositional period, the intermittent relative
U enrichment that is shown, in particular by 3 samples (VET-21,
23 and 24), suggests that the basin was intermittently closed off
from the open ocean, allowing euxinic conditions to develop in
periods where the Jacadigo Basin had limited to no exchange with
oxic ocean surface water.

The relative increase in Crgr, Mogr and Ugg across the surface M.
Urucum section observed by (Frei et al., 2017) is not as clear in the
hematite mesoband samples from M. Grande studied herein. How-
ever, three separate intervals of correlated increased U-Mo content
are observed (Fig. 10), and these are indicative of periods charac-
terized by a relatively oxidized water column, allowing accumula-
tion of U and Mo in solution. The youngest of these events is
preceded by a higher abundance of siliciclastics associated with
gravity flows in the drillcore indicating a period of increased seis-
mic activity in the basin or a change in water depth (Fig. 5). There
may be a causal link between these occurrences and the oxidation
of the water column, as these alter the basin geometry. We note
that the two Crgr depleted samples (VET-09 & 20) both have exces-
sive detritally-derived Cr, explaining a non-authigenic Cr-isotope
and Crgr signal of these samples. In accordance with the observa-
tions of (Frei et al., 2017), the samples from M. Rabichdo and M.
Urucum also show correlation in Cr, Mo and U EF (Figs. 9, 10).

Crgr shows larger fluctuations than Mogr and Ugg, which could
be caused by the short residence time of Cr in a basin characterized
by fast Cr removal via Fe-oxy-(hydr)oxide deposition (Fig. 10). The
observed decoupling of Mo and U in the lower part of the core
(250-200 m) is suggestive of ephemeral euxinic conditions during
the earlier period of iron formation deposition. The existence of
such conditions has been inferred by previous studies on the base
of varying REY patterns (Angerer et al., 2016; Frei et al., 2017;
Freitas et al., 2011).

6.6. Cr isotope signal

As suggested by (Frei et al., 2017), a constant supply of Fe(II)
from anoxic waters below a redoxcline allowed efficient reductive
removal of Cr(VI) from oxic surface waters, as well as removal of
Mo and U. The complete removal of Cr entails that there is no sig-
nificant change in Cr isotope composition during transport from
surface water to the anoxic bottom waters. The reduced Cr(III)
incorporated in the sediments therefore, records an authigenic sur-
face seawater isotope signature. Cr isotopes may potentially
directly record basinal input from at least four sources: (1) direct
riverine input to the basin, i.e. runoff from the Rio Apa Block; (2)
any subaqueous hydrothermal input to the basin; (3) input of Cr
from the open ocean; and (4) via glacially sourced iron oxyhydrox-
ides that were bacterially reduced to dissolved ferrous iron, which
was subsequently oxidized to ferric iron following ice withdrawal,
a model favored for the genesis of the Rapitan IF by (Baldwin et al.,
2012). Model (3) would only be possible during times when there
was open exchange between the Jacadigo Basin and the oceans,
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and it would be recorded in relative Mo enrichment over U during
such time periods. Model (4) craves that during IF formational time
periods, extreme primary productivity in the shallow water col-
umn drove eutrophication at middle water depths and the produc-
tion of a three-tiered stratified water column with ferruginous
deep water, a thin euxinic wedge at middle depths, and oxic sur-
face water (Baldwin et al., 2012).

The short residence time of Cr, and the restricted exchange
between the Jacadigo Basin and the oceans, would severely limit
the effect that this connection would impact on surface water iso-
tope composition. (Paulukat et al., 2016) have shown significant
seasonal variations of the Cr isotope composition of surface water
in the modern day Baltic bay, the effect of which would be exagger-
ated by the presence of abundant Fe(II) reductant. The lack of cor-
relation of Cr with Mo and U supports the claim that Cr was not
dominantly sourced in open ocean water, since Mo and U would
have longer residence times (given absence of euxinic conditions
for Mo), potentially allowing a decoupling of their abundances
and their variation with Cr. This leaves us with the first two (Model
1 and 2 referred to above) plausible remaining Fe-Cr sources,
namely riverine input, and subaqueous hydrothermal input that
potentially could have had a control of the Cr isotopic composition
of the waters of the Jacadigo Basin. The REY patterns observed at
M. Grande (absence of Eu-anomalies) speak against involvement
of high-T hydrothermal fluids (Model 2) in the Jacadigo Basin
(Fig. 11). Rather, they indicate a mixture between a dominant
fresh-water end-member, and a seawater end-member, as evi-
denced by the variation in slope of patterns and by the suppressed
Y-Ho ratios. Low temperature hydrothermal fluids are potentially
indistinguishable from fresh-water in terms of REY patterns. How-
ever, the Jacadigo Group directly overlies the high grade metamor-
phic rocks of the Rio Apa Block (gneisses), which are likely to be
characterized by an unfractionated Cr-isotope composition, by
inference with other studies which find continental rocks to be
unfractionated in relation to Cr (Farka$ et al., 2013; Schoenberg
et al., 2008), and by inference with the 5°>Cr anti-correlation with
Al;03 in both M. Urucum and nearby Puga Formation, which trends
towards unfractionated Cr with rising Al,03 (Fig. 12; (Frei et al,,
2017). Additionally, during low temperature metamorphism, fluid
rich systems have been shown not to impart any measurable Cr
isotope fractionation (Wang et al., 2016b), suggesting that a low-
T hydrothermal fluid, potentially originating from the underlying
Rio Apa Block, is unlikely to introduce fractionated Cr to the Jaca-
digo Basin waters. Although serpentinization of peridotites has
been shown to produce positively fractionated Cr in the fluid
(Oze et al., 2016), to our best knowledge, the presence of peri-
dotites in the Rio Apa Block has not been recorded, and we there-
fore exclude the possibility of Cr derived from the alteration of
peridotites to explain the Cr isotope signature of the Urucum IF.
Although a hydrothermal contribution cannot be excluded com-
pletely, this leaves riverine and glacially sourced input of Cr(VI)
as the most likely source for positively fractionated Cr isotopes in
the Jacadigo Basin.

The observed Cr isotope compositions agree with published
5°3Cr for late Neoproterozoic iron formations: Arroyo del Soldado
Fe-cherts, Uruguay, 6>>Crmean + 1.3 %o, ca. 0.55 Ga; Yerbal IF,
Uruguay, 6°>Crmean + 1.5 %0, ca. 0.57 Ga; Rapitan IF Canada, §°3-
Crmean + 0.9 %0, 0.7 Ga (all from Frei et al., 2009); the Namibian
Chuos and Jakalsberg IF, Namibia, 6>>Crmean + 0.7 %0 and + 0.8 %o
respectively, 0.73 and 0.63 Ga (Frei et al., 2017); and BIFs in the
basal Fulu Formation of the Xiajiajiang section (Nanhua Basin,
South China), which are thought to have been deposited during
the waning stage of the Sturtian glaciation, with average posi-
tively fractionated authigenic 8>3Cr values of 0.91 % (summary
of data in Table S3).
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6.7. Preservation of the pristine Cr-isotope signal

In their study of the Archean Izermijn IF, (Albut et al., 2018)
refuted previously published claims of positively fractionated Cr
isotopes in surface samples of these BIFs (Crowe et al., 2013) to
be pristine signals. The samples with positive §°Cr in the study
of (Albut et al., 2018) showed clear surface weathering signs, such
as complete dissolution of Fe-and Mn-carbonates, as well as com-
plete oxidation of Fe and Mn, while the drillcore samples of the
same BIF showed a lack of positively fractionated Cr isotope signal.

In six samples (VET-2, 4, 5, 9,13 and 14) from the M. Grande
drill-core, partial leaching of carbonate was observed. For these,
the 0°3Croum is not statistically different from the other samples
from M. Grande, M. Rabichdo and M. Urucum. They also do not
show significantly different normalized REY patterns from the
other samples, some (VET-4, 5, and 9; Fig. 10) retain seawater-
like patterns. This suggests that: (1) carbonate leaching did not
affect the REY budget of the hematite bands in the Urucum ores;
and (2) carbonate leaching did not affect the Cr isotope composi-
tion of the samples in the M. Urucum IFs.

The published 5°3Cr measured on surface and mine-shaft sam-
ples from the M. Urucum are positively fractionated with 6°3Cr .
Of +1.1 + 0.4 %o, 20, n = 16 (Frei et al., 2017). Those samples are
visually similar to the drillcore samples from the M. Grande, but
they show reduced CaO and MgO concentrations, potentially
reflecting the surface leaching of carbonates. While the reported
LREE enriched REY patterns of these samples are significantly dif-
ferent from the ones observed in this and other studies
(Viehmann et al., 2016), the 5°>Crau values are consistent with
IF values from M. Grande, M. Rabichido, and pure IF from M. Uru-
cum studied herein. For the sample suite as a whole, including
M. Urucum outcrop samples, major element concentrations
expected to change during surface weathering, e.g. Al,0s3, P,0s,
Ca0, MgO, as well as REY ratios (e.g. Pr/Yb, Y/Ho) do not correlate
with 8°3Craum, suggesting that the process affecting the REY pat-
terns at M. Urucum did not affect the Cr isotope composition in
the outcrop samples gathered by (Frei et al., 2017).

Percolation of river and groundwater is apparently responsible
for the alteration of the Cr isotope signal observed in the Izermijn
BIF surface samples (Albut et al., 2018). However, high topography
of the Banda Alta Formation and the horst structures of the “mor-
ros”, prevent interaction of the IF with modern river water. Perco-
lation of meteoric water during tropical weathering apparently did
not change the Cr isotope composition of the surface outcrop sam-
ples from Urucum.

Therefore, surface outcrop conditions of IF at Urucum cannot be
directly compared to the carbonate leached Izermijn BIF outcrop
samples, and we deem it unlikely, that the weathering processes,
shown to have altered the Izermijn BIF Cr isotope compositions,
have affected the Urucum IF in a similar manner.

6.8. Cr isotopes in ambient seawater

The observed §°3Cray values in Urucum IFs are in agreement
with the range of modern day seawater 5°>Cr values of +0.13-1.5
3 %o (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). (Frei et al.,
2017) proposed that this suggests a similar Cr cycle in the Late
Neoproterozoic to the one that operates today.

Recently it has been shown that biogenic fractionation of Cr iso-
topes plays a major role in modern Cr cycling in the modern ocean
(Janssen et al., 2020; Rickli et al., 2019). In addition, based on a
water column study of the redox-stratified Lake Cadagno (Switzer-
land), considered a modern Proterozoic ocean analog, (Janssen

55

Gondwana Research 124 (2023) 39-60

et al., 2022) challenge assumptions from 553Cr paleoredox applica-
tions that quantitative Cr reduction and removal limits isotope
fractionation. These authors instead show that fractionation from
non-quantitative Cr removal leads to sedimentary records offset
from overlying waters and not reflecting high °>Cr from oxidative
continental weathering. (Janssen et al., 2022) show that removal of
isotopically light Cr through biogenic reduction of Cr either directly
or through production of Cr reductants, e.g. Fe(1Il), is responsible for
isotopically light Cr(III) deposited in the deep ocean, leaving an iso-
topically heavy dissolved Cr(VI) fraction in the surface layer.

A compilation from diverse permanently and seasonally anoxic
systems (e.g., Black sea, Saanich Inlet and others), including Lake
Cadagno, lead (Janssen et al., 2022) to postulate that non-
quantitative Cr removal above the chemocline (in which ~20-
60 % of [Cr] in the surface water commonly is reduced), enables
the transport and accumulation of low §°3Cr to anoxic deep waters
from where it is poorly sequestered into sediments. Therefore,
these authors excerpt concerns for reconstructions of surface water
columns or weathering conditions from &°3Cr signals from sedi-
ments deposited in these environments, as such reconstructions
require accounting for fractionation during Cr removal as well as
internal water columns cycling resulting in variable water column
8°3Cr.

If non-quantitative biogenic Cr reduction was the primary con-
trol on 8°3Cr in the Jacadigo Basin, it would require a complemen-
tary reservoir characterized by isotopically light(er) Cr. Organic-
rich sediments, for example, are not recorded in the Banda Alta
Formation. Given: (1) the efficiency of Cr reduction by the Fe(III)
shuttle, and (2) the large amounts of dissolved Fe(Il) required for
IF deposition in the Jacadigo Basin, it is more likely that quantita-
tive abiogenic Cr reduction was the predominant process for shut-
tling Cr from the surface waters to the sedimentary environment.
This does not preclude bioproductivity (presence of phytoplank-
ton) in the photic layer which may or not have driven dissolved
Cr in the surface water even more positively fractionated before
its scavenging and stripping by iron (oxy) hydroxides formed in
the oxic surface waters during times of upwelling of Fe(II)-rich bot-
tom waters. The Fe(Ill) shuttle would be fast and exhaustive, and
therefore faithfully carrying Cr with surface water 6°3Cr to the sea-
floor. In such a scenario the effect of biogenic Cr cycling would be
restricted to bioproductivity in the surface waters which would
enhance the signal of isotopically heavy riverine Cr(VI) input, ulti-
mately controlled by oxidative weathering processes on land. The
scarcity of light Cr isotope signatures so far measured in Neopro-
terozoic IFs (Urucum/Mutun, Brazil; Fulu, China; Puga, Brazil;
Chuos, Namibia; Rapitan, Canada; Arroyo del Soldado Group, Uru-
guay; Table S3), in fact the rather commonly observed strongly
positively fractionated 6°>Cr values in these sediments (average
5°3Cr values of studied sections ranging from +0.29 to 1.32 %o
(Table S3) (Frei et al., 2017; Frei et al., 2009; Frei et al., 2013;
Wei et al., 2018Db), attest for a more uniform and widespread shut-
tling mechanism of Cr from the surface waters to the sediment in
Neoproterozoic depositional basins. Our data presented herein, of
relatively homogenous and strongly positively fractionated §>3Cr
signatures of Fe mesobands from the c. 350 m-thick massive IF sec-
tion at M. Grande supports a steady-state and effectively quantita-
tive Cr-exhaustive fertilization of the Jacadigo Basin with Fe(II)
relative to Cr(VI) during the entire depositional period. The rela-
tively homogeneous, positively fractionated Cr isotope signal as
observed in the studied section is unlikely to have resulted from
significant non-quantitative Cr(VI) reduction and sequestration,
as in this case rather heterogeneously distributed Cr isotope sig-
nals in the IFs would be expected. Based on the above, we prefer
to interpret the authigenic §°3Cr values measured herein from
the M. Grande section as to closely reflect the average Cr isotope
signature of the ambient surface water in the Jacadigo Basin.
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6.9. Jacadigo Basin implications for seawater-atmosphere system

Based on a study on drillcore samples from the Santa Cruz
deposit at M. Grande, (Angerer et al., 2016) argue for a syn-
glacial model with deposition of IFs during a transgression-
regression cycle. They envisage a scenario based on systematic
variations in REY and & >’Fe, in which the Jacadigo Basin acted as
a marine sub-basin receiving REY from freshwater, pore water or
low-temperature hydrothermal sources, as well from open ocean
waters. The mixing of these different water sources, according to
(Angerer et al., 2016), produced three different geochemically dis-
tinguishable iron formation facies. In their study on drill-core sam-
ples from M. Urucum and M. Rabichdo, (Viehmann et al., 2016)
found seawater-like REY patterns in pure iron formation and
shale-like patterns in detritally contaminated IF samples. These
contrast with the LREE-MREE enriched hump-shaped REY patterns
observed by Frei et al. (2017) in surface samples from M. Urucum,
which these authors interpreted to be more compatible with low
temperature hydrothermal vent fluids (Michard et al., 1993).

Our results from M. Grande complement these studies, in that
the seawater-like patterns and flat sloped fresh-water-like pat-
terns presented herein, are similar to patterns reported by
(Angerer et al., 2016) and (Viehmann et al., 2016). The prevalence
of seawater-like patterns in the central to upper part of the drill-
core (200-30 m), as well as sporadically elevated Uge-Mogr in the
lower part of the core, support the transgressive model presented
by (Angerer et al., 2016) for the lower parts of the section (the
upper regressive section is not present in the drillcore). Hump-
shaped patterns, as observed at M. Urucum, were not observed in
our study. Presence of seawater like patterns supports the inter-
pretation of the Jacadigo Basin as a silled, partially restricted basin
with periodical open ocean connection, as argued by previous
authors to have been established during inter-glacial periods
(Freietal.,2017; Viehmann et al., 2016), allowing greater exchange
with the open ocean caused by glacioeustatic sea-level rise. In this,
the IFs of the Jacadigo Basin exhibit pronounced similarities with
the depositional environments proposed for the Cryogenian Rapi-
tan IFs (Baldwin et al., 2012). The role of Mn and Fe oxyhydroxides
in the fixation and scavenging of Mo as molybdate ion from oxic
seawater is fairly well documented (e.g., (Algeo and Tribovillard,
2009). Using redox sensitive element enrichment factors (Mogg
and Ugg), and correlation diagrams of Mo vs. Fe;03 and MnO, in
which a strong relationship between these metals in an entirely
oxic water column would be expected, (Baldwin et al., 2012) pos-
tulated that Mo enrichment in the Raptian IFs happened under
euxinic conditions instead. The lack of any strong correlation
between Mo, Fe,0; and MnO (not shown here), across the full
range of compositions, in the M. Grande samples studied herein,
demonstrates that iron (and manganese) deposition rates were
not a limiting factor in Mo enrichment, and that consequently a
molybdate fixing particulate shuttle was not a predominant scav-
enging mechanism to explain the Mogg in the M. Grande IFs. Like
in the Rapitan IFs, free H,S was needed to drive Mo fixation instead
(Baldwin et al., 2012). The postulation of a redox-stratified Jacadigo
Basin with anoxic bottom waters and with periods where a con-
nection to open ocean waters was established, is further corrobo-
rated by a comparison of Mog vs Uge behavior (Fig. 9) with
modern environmental scenarios. Unlike in restricted basins, such
as the Black Sea today, a high connectivity 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 step Mo enrichment relative to U, which is reflected by the
assembly of Urucum IF (Fig. 9) data and by published data from
Rapitan IFs (Baldwin et al., 2012), and which is mirrored by mod-
ern silled basins such as the Cariaco Basin off the Caribbean coast
of Venezuela (Algeo and Tribovillard, 2009).
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The suggested changes in sea level associated with glacial
retreat are also consistent the occurrence of Mn-beds in the lower
Jacadigo Basin. These were likely deposited in shallow, more oxic
environments, on expanded shallow shelves during transgressive
periods (Viehmann et al., 2016). Large fluctuations in Mogg-Ugg
ratio observed in the lower part of the drillcore would also be in
support of such sea-level changes, induced by glacial advance
and retreat stages.

The 6°3Cr in the Jacadigo Basin seems to have remained
unchanged throughout the deposition of the Banda Alta Formation.
(Frei et al., 2017) argued that this was due to a steady increased
atmospheric oxygen activity throughout the basin lifetime. Results
from this study complicate this scenario as we here observe a
decoupling of Cr from the other redox sensitive trace elements,
particularly from U (Fig. 9). The decoupling of Crgr from Ug is
enhanced in samples with elevated EF of both elements. While this
scatter cannot be explained by variable siliciclastic contributions
(the IF mesobands studied are very pure; see above), and because
an iron oxy hydroxide shuttle is not expected to discriminate
between dissolved Cr(VI) and U(VI) upon reduction, we suspect
differential release/desorption/reduction mechanisms, particularly
of adsorbed U, from the particulate shuttle upon transport through
the redoxcline. More detailed investigations are however necessary
to further elaborate on this decoupling.

6.10. A depositional model of the Urucum IF

In their study of IF from the Santa Cruz depost, (Angerer et al.,
2016) proposed that the Jacadigo Basin was a redox-stratified mar-
ine sub-basin, with REY coming from the open ocean and from
either low-temperature hydrothermal fluids, freshwater or pore-
waters. Their model is based on the occurrence of three different
IF facies observed in the Santa Cruz deposit. The work of
(Viehmann et al., 2016) on M. Rabichdo and M. Urucum contrasts
with the study of (Angerer et al., 2016), as they find no evidence
for freshwater influence. Rather, they consistently find seawater-
like REY patterns, which were interpreted to imply open-ocean
connection during interglacial periods. They however, recognized
that the flat REY patterns observed in the Mn-horizons indicated
a freshwater influx, and they proposed that these were deposited
in shallow marine, more oxic shelf environments. Based on the
unchanged positive 6°>Cr,m. signal throughout the IF, and based
on increasing and correlated trends for Crgr, Mogr and Ugg at M.
Urucum, (Frei et al., 2017) argued for increasing oxidative release
from the continental landmass of these redox sensitive elements
during glacial retreat. (Frei et al., 2017) suggested that the model
proposed by (Frei et al.,, 2011) for carbonates in the Ediacaran
Arroyo del Soldado Group in Uruguay, may appropriately describe
the processes for the Jacadigo Basin, that is: (a) During glacial peri-
ods: (1) extensive sea-ice cover reduced primary productivity, par-
ticularly on continental shelves; (2) glacial shields covered the
continents isolating the surface from the atmosphere; and (3) slow
weathering reactions due to low temperatures and ice cover, i.e.
hindering Cr(VI), U(VI) and Mo(VI) liberation from continental
sources. (b) During inter glacial periods: (1) Larger ocean surface
area available to photosynthetic plankton over ice-free continental
shelves; (2) exposed continents allowed release of nutrients and Cr
(VI), U(VI) and Mo(VI), leading to increased bioproductivity and
oxygen production; and (3) the higher temperatures accelerated
chemical weathering rates.

If we are to consider all the trace-element and Cr-isotope data
published on the Banda Alta Formation, then we must envisage a
basin with locally varying redox conditions, and most likely the
existence of several sub-basins, which were at times isolated from
one-another, and there existed redox-stratified water columns
where the surface layer was periodically in contact with the oxic
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surface water and anoxic deep water of the open ocean in a sce-
nario similar to that proposed for the ~600 Ma Algoma-type BIFs
in the Serid6 Group of northeastern Brazil by (Sial et al., 2015).
Upwelling of anoxic ocean deep water would have allowed a fertil-
ization of the Jacadigo Basin with dissolved Fe?* sourced in the
anoxic open ocean water layer. The correlation of Crgg, Mogr and
Ugr (and locally also non-correlation) presented here and in data
from previous studies, are consistent with oxidized surface waters
and changing connectivity with the open ocean. Periods character-
ized by non-correlation of Crgr and Ugg with Mogg suggest that eux-
inic conditions were periodically present in the M. Grande sub-
basin. Short-scale enhanced fluctuations of Cr concentration, rela-
tive to U and Mo, suggests short residence time and a locally short-
term changing input fluctuation for Cr. Else, these heterogeneous
fluctuations of Cr in the M. Grande profile studied herein, relative
to U and Mo, may reflect the changes in adsorption/reductive
incorporation mechanisms of these elements on/into oxy(hydr)ox-
ides and potential respective release from those while passing
through the chemocline. These variations are in favor of a marine
basin with restricted connection to the open ocean, where Fe, accu-
mulated in a deep anoxic layer, may be derived from low-
temperature hydrothermal fluids (Frei et al., 2017).

The observed REY patterns agree with the information from
redox sensitive trace-elements, in that seawater like patterns
recorded in the IF mostly scatter around mixing trajectories
between modern seawater and freshwater patterns and/or low
temperature hydrothermal fluids in Eu/Sm - Pr/Yb vs. Y/Ho spaces
(Fig. 11). Regardless of whether an open-marine signal was modi-
fied in the Jacadigo Basin by a more local water mass, the lack of
positive Eu anomalies (Table 1) even in samples with the highest
Y/Ho is compatible with signatures in the Cryogenian Rapitan IF
(Baldwin et al., 2012) and constitutes firm evidence that the Neo-
proterozoic ocean no longer had a prominent positive Eu anomaly
derived from the input of high temperature subaqueous fluids, as
reported for the Archean (e.g. (Kato et al., 2006).

The occurrence of seawater-like patterns is more common in
the middle to upper part of the studied section, while the flat,
freshwater like patterns are more common near the base. Although
they may have been altered by supergene leaching/enrichment
processes, the origin of the hump-shaped patterns in surface sam-
ples of the M. Urucum IF (Frei et al., 2017) remains unsolved, as the
data presented herein from drillcore samples of M. Grande fail to
reproduce such patterns. The occurrence of euxinic conditions,
rapidly changing REY patterns, and the occurrence of shallow
water Mn-formations in the lower part of the Banda Alta Forma-
tion, and the settling into more seawater like patterns and Mogg-
Ugr correlation in the upper part, are in concordance with deposi-
tion during a transgressive sequence as inferred by (Angerer et al.,
2016). The diminished signals for euxinic conditions in M. Rabi-
chdo and M. Urucum IFs (Fig. 9), together with the larger variations
observed in REY patterns (Fig. 8) from M. Grande, indicates that
these were deposited in different sub-basins. Such varying condi-
tions have been inferred and proposed by earlier geochemical
studies by (Angerer et al., 2016), (Frei et al., 2017) and (Freitas
et al, 2011).

In a recent paper, (Hiatt et al., 2020) propose a model for redox-
controlled rhythmites in the Cerradinho Formation of the Corumba
Group, overlying the Banda Alta Formation. They argue for a sub-
ice depositional model to explain annual mm-scale biochemically
- micobially-mediated precipitation of rhythmites consisting of
siderite, sedimentary apatite, and hematite that occur in the Cer-
radinho Formation: Their model goes as follows: (a) during winter,
when sea-ice was at its thickest, oxygen levels were at a minimum
(microaerobic to anoxic water conditions), and methanogenesis
prevailed in the sediment, leading to the formation of laminated
siderite; (b) in spring, when oxygen concentrations rose and a

57

Gondwana Research 124 (2023) 39-60

redox gradient formed at the seafloor, biogenic phosphates were
able to form on the seabed during short periods of non-
deposition; (¢) in summer, sea ice was at minimum thickness,
and intense sunlight and maximum oxygen concentration pre-
vailed, allowing the formation of Fe-oxy(hydr)oxides from either
hydrothermally derived Fe(Il), and/or deposition of iron-rich sedi-
ment derived from glacial erosion of the Banda Alta Formation,
forming hematite mud laminae. They argue that ice cover inhibited
deposition of siliciclastic sediments, promoting a redox-driven
microbial ecosystem to develop in the basin, which allowed for
the formation of the rhythmite intervals. In the perspective of this
model, the redox fluctuations in the Jacadigo Basin then continued
beyond the stage, where massive influx of Fe(Il) leading to the
deposition of the Banda Alta IFs, dominated the water column,
while the basin was still (partially) ice covered.

The interpretation of the Banda Alta Formation as being depos-
ited during a transgression, is compliant with deposition during
glacial melting. The constant 5°3Clauth throughout the section,
and the overall covariation of redox sensitive element EF in the
Jacadigo Basin support this. Thin sea-ice, as in the model for the
Cerradinho Formation, 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 Fe-oxy (hydr) oxide forma-
tion the primary mode of deposition throughout the Banda Alta
Formation.

7. Conclusions

REY systematics and redox-sensitive trace elements (U and Mo)
in pure IF mesobands of the Banda Alta Formation of the Jacadigo
Group indicate that the Jacadigo Basin was partially restricted,
potentially due to ice sheets, allowing exchange of surface water
with surface water of the open ocean and with anoxic deep ocean
water. Intermittent enrichment of Ugr over Mogr in the M. Grande
drillcore studied herein suggests that deposition of the IFs hap-
pened in changing redox environments, some of which necessi-
tated free H,S in their bottom waters and therefore were
occasionally euxinic.

REY systematics and Ugr and Mogr also support the idea of a
transgressive lower Banda Alta Formation as proposed by
(Angerer et al., 2016). Multiple periods of progressive enrichment
of Ugr and Mogr suggest that there were episodes of increasing oxi-
dation in the Jacadigo Basin surface waters, followed by relapse to
less oxygenated conditions.

Short scale and timely rapid fluctuations in Cr concentration
and Crgr relative to Mogr and Ugr indicate a very short residence
time for Cr in the Jacadigo Basin during IF deposition, which is in
concordance with an active and effective, Fe(Il)-Fe(Ill)-promoted
oxidation-reduction mechanism for scavenging and shuttling Cr
from the surface waters to the depositional environment.

REY systematics across the Jacadigo Basin are consistent with
mixture between a seawater-like and freshwater-like sources. This
is indicative of the major contribution of REY, and likewise Cr, from
open ocean surface waters and ultimately continental run-off.

The positively fractionated Cr isotope signatures across the Uru-
cum IF (6°>Craue, at: Morraria Grande + 0.93 + 0.34 %o, 20, n = 28;
Morro do Rabichdo + 0.53 £ 0.34 %o, 20, n = 3; and Morro do Uru-
cum ca. +0.95 +1.12, 20, n = 5), in a scenario of quantitative reduc-
tion by excess fertilized Fe(Il) that was oxidized in the surface
water, indicate a continental source of oxidized Cr. This in turn
implies relatively high atmospheric O, levels in the late Neopro-
terozoic. Our results support previous findings of positively frac-
tionated authigenic Cr isotope signature throughout the
stratigraphic section in the Urucum IF.

Although the hump-like, shale-normalized REY signals from
previously published surface samples from M. Urucum are charac-
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teristic of supergene alteration, the lack of correlation between §°3-
Crauen and indicators such as Pr/Yb, Al,0s, P05, and the coherence
of positively fractionated 6>3Crayh values with those from drillcore
samples studied herein, suggests that supergene alteration did not
affect the Cr isotope composition at M. Urucum.

The effects of modern weathering on the Cr isotope signatures
of IFs, as reported from the Archean Izermijn BIF in south Africa,
are not observed in IF of the Banda Alta Formation. Selected hema-
tite bands in samples with visible signs of leaching are statistically
identical in their 6>3Crau values to samples without such signs,
indicating that supergene carbonate leaching processes did not
affect 9°3Cr,ye, either.
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