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RESUMO

FAZIO, G. Investigacdo das condi¢cdes paleoambientais e influéncias para magnetizacdo de
formacdes ferriferas criogenianas. 2023; 183 pp. Tese (Doutorado) — Instituto de Geociéncias,

Universidade de Brasilia, Brasilia.

As formacoes ferriferas sdo rochas sedimentares quimicas do Precambriano que abrigam
informacBes valiosas sobre a geoquimica e o paleoambiente do passado remoto, além de
apresentarem potencial para estudos paleomagnéticos. Nesta tese de doutorado, investigamos 0s
fatores genéticos que influenciam a magnetizacao dessas rochas, tendo como alvo as formacdes
ferriferas neoproterozdicas da Formacdo Banda Alta (Grupo Jacadigo, Distrito de Urucum, MS,
Brasil). Os resultados consistem em trés artigos principais. O primeiro propde um modelo de
dupla fonte de ferro para essa unidade, apontando contribuices tanto hidrotermais quanto
bioldgicas, devido & um fracionamento anémalo nos valores isotopicos de ferro. Na busca por
estabelecer o envolvimento bacteriano, investigamos possiveis precipitacdes bioinduzidas, porém
sem resultados conclusivos, levando-nos a indicar a disponibilidade de Fe(ll) através de reacdes
metabdlicas de reducdo dissimulatéria de ferro. O segundo artigo investiga os mecanismos de
precipitacdo das formacOes ferriferas, analisando a origem deposicional ou diagenética das
camadas alternadas de ferro e silica. Evidéncias macroscopicas a cristalograficas de perturbagéo
das camadas pelo impacto de seixos pingados desafiam a hipdtese de origem diagenética,
argumentando a favor de sua formagdo deposicional. O terceiro artigo apresenta uma analise
cicloestratigrafica, identificando registro de ciclos Milankovitch embutido nos dados utilizados,
estimando taxas de sedimentag&o e analisando mudangas paleoambientais. Observou-se variagdes
na sensibilidade do registro orbital, possivelmente relacionadas a mudangas na posicao relativa
da redoxclina, além de correlagdo de sinais orbitais com evidéncias geoldgico-geoquimicas,
fornecendo maior compreensdo do dindmico contexto glacial do Criogeniano. As abordagens
cicloestratigréficas e reoldgicas mostraram-se promissoras para investigaces paleoambientais e
para compreensao dos mecanismos de precipitacdo quimica, respectivamente. Nota-se que esses
resultados indicam uma probabilidade de precipitacdo de um mineral precursor de ferro de
estrutura simples, como a ferridrita. Desta forma, indica-se uma possivel memoria cristalografica,
com continuidade estrutural, desse precursor para fases secundarias de éxido de ferro, admitindo
possiveis implicacbes magnéticas que poderiam viabilizar o estudo de aquisicdo de magnetizacao
nessas rochas. Portanto, esses estudos contribuem para o avanco do conhecimento sobre as
formacdes ferriferas, seus processos de formacao e de magnetizacdo, com implicacdes diretas nas
areas de paleoclimatologia, paleoambiente e geoquimica, além de fornecer bases para futuras
pesquisas em paleomagnetismo. PALAVRAS-CHAVE: Formacdes ferriferas; Fatores

genéticos; Cicloestratigrafia; Paleoambiente; Magnetismo de rocha.



ABSTRACT

FAZIO, G. Investigation of paleoenvironmental conditions and influences for magnetization
in cryogenian iron formations. 2023; 183 pp. Thesis (Doctorate) — Instituto de Geociéncias,

Universidade de Brasilia, Brasilia.

Iron formations are Precambrian chemical sedimentary rocks that host valuable
information about the geochemistry and paleoenvironment of the deep Past, in addition to their
potential for paleomagnetic studies. In this doctoral thesis, we investigated the genetic factors that
influence the magnetization of these rocks, focusing on the Neoproterozoic iron formations of the
Banda Alta Formation (Jacadigo Group, Urucum District, MS, Brazil). The results consist of three
main articles. The first one proposes a dual iron source model for this unit, suggesting
contributions from both hydrothermal and biological processes, based on anomalous iron isotope
fractionation. In our attempt to establish the bacterial involvement, we investigated possible bio-
precipitations, but without conclusive results, leading us to indicate the availability of Fe(ll)
through the metabolic reaction of dissimilatory iron reduction. The second article investigates the
precipitation mechanisms of iron formations, analyzing the depositional or diagenetic origin of
the alternating layers of iron and silica. Macroscopic and crystallographic evidences of layer
disturbance caused by impact of dropstones challenges the diagenetic origin hypothesis,
supporting a syndepositional formation. The third article presents a cyclostratigraphic analysis,
identifying embedded Milankovitch cycles in the data, estimating sedimentation rates, and
analyzing paleoenvironmental changes. Variations in the sensitivity of the orbital record, possibly
related to changes in the relative position of the redoxcline, were observed, along with correlations
between orbital signals and geologic-geochemical evidences, providing a better understanding of
the dynamic glacial context during the Cryogenian. We show that the cyclostratigraphic and
rheological approaches are potentially useful for paleoenvironmental investigations and
understanding chemical precipitation mechanisms, respectively. These results indicate the
probability of precipitation of a simple-structured precursor mineral, such as ferrihydrite, and
suggest a possible crystallographic memory and structural continuity from this precursor to
secondary iron oxide phases. This interpretation implies potential magnetic implications that
could enable the study of magnetization acquisition in these rocks. Therefore, these studies
contribute to advancing knowledge about iron formations, their formation processes, and
magnetization, with direct implications in the fields of paleoclimatology, paleoenvironment, and
geochemistry, while also providing a foundation for future research in paleomagnetism. KEY-
WORDS: Iron formations; Genetic factors; Cyclostratigraphy; Paleoenvironment; Rock

magnetism.
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SUMARIO DE FIGURAS
CAPITULOS1-5

Fig. 1 - Evolucdo da atmosfera, do oceano e a deposicao de formacao ferrifera ao longo
da historia da Terra (modificado de Olson & Straub (2016), Camacho et al. (2017) e
Konhauser et al. (2017). O gréfico superior (“atmosfera”) constitui a evolucdo da
composicdo atmosférica (O, linha azul) evidenciando 0s maiores eventos
paleoclimaticos e inovagdes biologicas. O grafico central (“‘0ceano”) apresenta uma
barra colorida ilustrando a condicdo redox do oceano profundo e cinco distribuicdes
esquematicas de Fe (1), H.S e Oz ao longo da coluna d’agua oceanica, ambas em
relacdo ao eixo do tempo (eixo X). O grafico inferior (‘“formaces ferriferas”) apresenta
um histograma de deposi¢do de formacao ferrifera ao longo do Precambriano, em giga
toneladas.

Fig. 2 — Esquema de distribuicdo de supercontinentes (em rosa) e glaciagdes (barras

azuis) ao longo do tempo geoldgico (Young, 2019).

Fig. 3 — Distribuicdo global dos dep6sitos glaciais e glacio-marinhos das glaciaces
Neoproterozoicas (Sturtiana, Marinoana e Gaskiers), a esquerda, e variagdo de dados
isotépicos de carbono ao longo das mesmas, a direita (Xiao et al., 2016, modificado de
Halverson (2006) e Fairchild & Kennedy (2007)).

Fig. 4 — Diagrama ilustrando os quatro pontos de vista distintos acerca dos modelos e
mecanismos de glaciacdo, com suas principais caracteristicas (Fairchild & Kennedy,
2007).

Fig. 5 — Tipos de acoplamentos de troca para substncias ferromagnéticas: a)
ferromagnetismo; b) antiferromagnetismo; c) ferrimagnetismo (Butler, 1992).

Fig. 6 — Gréos esquematicos para apresentacdo do conceito de dominios e paredes de
dominios, figura retirada de Butler (1992). a) Grao single domain e magnetizagdo
uniforme b) Grdo multi domain com divisdo em dominios internos ¢) Configuragao
esquematica da rotacdo gradual de momentos atdbmicos magnéticos em uma parede de
dominio.

Fig. 7 — Granulometria e forma para configuracdo superparamagnética, SD e MD para
magnetitas em 290°K (Butler, 1992).

Fig. 8 — Desenho esquematico de particulas magnéticas (elipsoides pretos) na coluna
d’agua, desde a deposigdo, passando pela camada mista, também denominada como

zona-gel, até a compactacdo. A esquerda, apontam-se 0s processos que podem
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contribuir para o registro magnético e a direita, a porcentagem de concentracdo de
particulas (figura de Roberts et al., 2013, modificado de Tauxe & Yamazaki, 2007).
Fig. 9 — Aparato do experimento A. Esquema ilustrativo de Zhu et al. (2014) para o
sistema de intemperismo-lixiviacdo. B. Vidraria modificada para realizacdo da
experimentacdo. O retangulo vermelho indica o local da placa porosa G2, aonde, acima
dessa, sera colocada a amostra a ser processada.

Fig. 10 — Aparato de deposicdo de bandas alternadas de éxido de ferro e silica. A.
Esquema ilustrativo do experimento de Zhu et al. (2014). B. Esquema ilustrativo do
processo de deposicdo deste projeto.

Fig. 11 — Registros da sintese de ferridrita (2L-Fhy) sintetizada de acordo com a
metodologia de Schwertmann & Cornell (2000).

Fig. 12 — Resultado da andlise de difracdo de raios-X das ferridritas 2L e 6L
sintetizadas.

Fig. 13 — Gloove box utilizada para realizacdo do experimento, com controle de
atmosfera (cilindro de N2), nas dependéncias do LAGEQ/UnB.

Fig. 14 — Potes de vidro hermeticamente fechados contendo mistura de ferridrita
sintética com HEPES e sulfato aménico de ferro (I1).

Fig. 15 - Potes de vidro hermeticamente fechados contendo a mistura, em banho maria,
dentro da gloove box, com temperatura controlada em torno de 50°C (note visor do
termodmetro em 53.6°C).

Fig. 16 — Aliquotas retiradas no inicio do experimento (ferridrita 2L: 30min, 1h30min
e 24h).

Fig. 17 — Curvas de histerese. A) Aliquota de 96h; B) Aliquota de 120h. Ambas
realizadas com o precursor de ferridrita 2L.

Fig. 18 — ZFC/FC (esquerda) e derivada da FC (direita): A) aliquota 96h Ferridrita
2L; B) aliquota 120h Ferridrita 2L; C) aliquota 120h Ferridrita 6L

CAPITULO 6

Fig. 1 — Evolution of the atmosphere, the ocean and iron formation deposition through
the Earth’s history (modified by Olson & Straub (2016), Camacho et al. (2017) and
Konhauser et al. (2017)). This image’s top, “ATMOSPHERE”, comprises the
evolution of the atmosphere composition (02, blue line) highlighting major
paleoclimatic events and biological innovations. In the middle, “OCEAN”, the ocean’s
deep redox condition is presented in a tinted bar along with five schematic depth
distribution of Fe (II), H2S and O2 in the water column, both are linked to the time
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axis. In the bottom of this image, “IRON FORMATIONS”, the histogram represents
the iron formation deposition through the Precambrian, in giga tonnes.

Fig. 2— a) Regional geological map displaying the main litho-tectonic units in South
America emphasizing the cratons and fold belts in central Brazil. Note that the
signalized numbers 1, 2 and 3 refer to N and S Paraguay basins and Chiquitos-Tucavaca
aulacogen, respectively (from D’el Rey et al. (2016)). b) Simplified map of the Brazil
— Bolivia border, the eastern edge of the Amazon craton, emphasizing the main
lithostratigraphy units across the Paraguay belt and Chiquitos-Tucavaca aulacogen.
(from Angerer et al. (2016)).

Fig. 3 — a) Geological map (above) of the Corumba region and cross section of the
Corumba graben system (below; modified from Angerer et al. (2016)). Drill cores
investigated in this paper are highlighted in yellow stars. Two drill cores (RK25 and
RK62) are located at the hill “Morro do Rabichdo” (number 6) and the other one
(URS1) is located at the hill “Morro do Urucum” (number 3). b) Simplified description
of the sampled drill cores (modified by Viehmann et al. (2016)) with the depth
presented in meters.

Fig. 4—a) Iron formation sample - UR51-158,25. b) Diamictite sample - RK25-111,25.
¢) Iron formation sample - RK62-43,70. d) Photomicrography (reflected light, N//) of
the IF sample UR51-158,25 presenting microband of jasper (darker), on the top, and
ferruginous microband with elliptic nodules of pure hematite in jasper and hematite
matrix. ) Compositional detail of photomicrography d (reflected light, N//) with
different proportions of hematite (Hem), jasper (Jsp) and cavities (Cav). This
mineralogical proportion varies from sample to sample and within the sample. f)
Photomicrography (reflected light, N//) of the IF sample RK62-43,70, displaying
ellipsoid hematitic nodules. g) Photomicrography (reflected light, NX) of the IF sample
RK62-43,70, showing hematite nodules (Hem) in jasper matrix (Jsp, orange color) and
rectangular or rhombohedral cavities (Cav). h) Photomicrography (transmitted light,
NX) of the diamictites sample RK25-141,60 showing the general view of the sample
and local presence of coarsely crystalline carbonate pore-fill cement within the various
clasts (in the superior left corner). i) Photomicrography (transmitted light, NX) of the
diamictites sample RK25-111,25 displaying local clasts partially to totally substituted
by carbonate immerse in a fine-grained and opaque matrix. j) Photomicrography
(transmitted light, NX) of the siltstone sample RK62-109,20 showing irregular
alternation defined by oriented lamellar minerals and granular portions. k) and 1)

Photomicrography (transmitted light, NX and N// respectively) of the arkose sample
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RK25-234,65 presenting a feldspar with overgrowth silica cement and minor
ferruginous matrix.

Fig. 5 — Diffractograms from arkose (RK25-234,65) and siltstone (RK62-109,20). In
clay fractions, both samples present quartz and kaolinite as major component, and the
siltstone also display illite as major one. The arkose presents chlorite and illite as minor
components, while the siltstone displays smectite and chlorite as minor ones and
feldspars as trace ones. W=whole sample; AD=oriented clay fractions in air-dried
conditions; EG=after ethylene-glycol saturation; H=after heating.

Fig. 6 — Profiles of 857Fe values of the Banda Alta IF along the drill cores UR51 and
RK62.

Fig. 7 — Secular trend of 657Fe values in bulk iron formation samples from the
bibliographic compilation, presented in a scatter chart. The blue and the light blue data
are the Archean to early Paleoproterozoic IF, and the middle to late Paleoproterozoic
IF, respectively. The two transparent blue rectangles represent the duration of the
continued GOE, according to Gumsley et al. (2017), and the NOE (Och & Shields-
Zhou, 2012). The green data represent the Neoproterozoic IF, whereas the red values
display the 857Fe data for the Banda Alta Formation, in the Urucum District (Brazil).
Fig. 8—Boxplot chart displaying the distribution of 357Fe values in the four categories,
Archean to early Paleoproterozoic (4.0 to 2.4 Ga), middle to late Paleoproterozoic (2.4
— 1.0 Ga), Neoproterozoic (1.0 — 0.541 Ma) and Banda Alta Formation (Urucum
District, Brazil).

Fig. 9 — Low-temperature magnetization measurements after zero-field cooled (ZFC)
and field-cooled (FC) conditions (FC/ZFC curves, presented by red and black curves,
respectively), showing the Verwey (~120 K) and the Morin (~260 K) transitions.

Fig. 10 — Minor scale observation of low-temperature magnetization measurements
after zero-field cooled (ZFC) and field-cooled (FC) conditions (FC/ZFC curves,
presented by red and black curves, respectively), highlighting the Verwey (~120 K)
and the attempt of identification the double Verwey transition (100 and 120 K).

Fig. 11 — Depositional scenario for the Banda Alta Formation of continuous ice-
covered in restrict-basin. It is important to emphasize the dual-iron sources,
considering both hydrothermal and biologically-recycled Fe (1) processes. The
biological process consists in a continental Fe (I11) source, which reaches the water
column and becomes a part of the microbial dissimilatory iron reduction (DIR) process
that released Fe (Il) to the basin, the benthic iron shuttle. As for the oxidation

mechanism, it is proposed to be a result of the input of subglacial meltwater discharge.
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CAPITULO 7

Figure 1 — Macroscopic observations of the Banda Alta IF at VETRIA Mine. A) Two-
scales mine front outcrops showcasing plane-parallel layering and wide lateral
continuity. B) Mine front outcrops of IRD with ~30 cm clast, disrupting the plane-
parallel pattern. C and D) IF samples with centimeter-sized IRD. In D, the petrographic
thin section location is marked.

Figure 2 — Petrography (reflected light and N// setting). A) Thin section from Fig. 1D,
with subsequent photomicrography demarcated by yellow rectangles. B) Plane-parallel
undisturbed layered area within the IF. C) Intra-layer lamination inflection at the area
adjacent to the clast. D) Textural and mineralogical distinctions between layers (red
rectangle; Fig. 2C). E and F) Deflection and thinning (“H” to “h”, red line) of
lamination beneath the clast.

Figure 3 — Raman Spectroscopy and EBSD results within the sites pointed in the thin
section sketch (left). A. Stack plot of Raman spectra collected at the thin section plane
from R1 to R4. B) Intensity polar plots representing four observed Raman modes from
all four sites. C and D. Indexed hematite pole figures from Site 1 and 2.

Figure 4 — A) 3D schematic representation of the layering observed within the
analyzed IF sample. B and C) Visualization of crystallographic investigation results:
hematite particle orientations. In the undisturbed site (B), hematite's c-axis inclination
is apparent, indicating a preference for the basal facet observation. In the IRD-disturbed
site (C), hematite's basal plane exhibits a flattened orientation, indicated by a more

verticalized c-axis.

CAPITULO 8

Fig. 1 — A. Geological map (above) of the Corumba region and cross section of the
Corumbé graben (below; modified from Angerer et al. (21)). The location of the
studied drill core is indicated by the red star. B. Global paleogeography reconstruction
for Sturtian onset at 720Ma (9; 1). C. Generalised stratigraphic column of the Jacadigo
Group with stratigraphic formation terms according to Dorr (26) and Banda Alta
Formation facies (modified from Angerer et al. (27)).

Fig. 2 — A. Drill core’s sample photos of banded IF, nodular IF and granular IF,
upwards. B. Lithological column of the analyzed section. C. Raw MS dataset of the
analyzed section (202.80 to 238 m). D. Geochemical depth profiles: Fe+Mn, P and sum

of the terrigenous elements (Al+K+Ti+Zr).
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Fig. 3 — Spectral analysis of the entire MS dataset (202.8 — 238 m). The wavelengths
of spectral peaks are labelled in cm. The spectral analysis is presented in its full range
of frequency (A) and with frequency’s zoom from 0 to 0.065 cycles/cm (B; marked in
dashed red line, in A). In A and B, the MTM power spectra of the MS dataset, with the
AR(1) red noise model and 90%, 95%, 99%, and 99,9% confidence levels (above), and
the evolutionary FFT spectrograms though the analyzed section (below).

Fig. 4 — A. Spectral analysis of the lower interval of the MS dataset (220 — 238 m), in
the stratigraphic domain, with the interpreted orbital band solutions for Hypothesis 1
(H1) and Hypothesis 2 (H2). The 2r MTM power spectra present the AR(1) red noise
model removal and mark the 90%, 95%, 99%, and 99,9% confidence levels. The
wavelengths of spectral peaks are labelled in cm. For the interpretation of spectral
bands, we assigned: “E” for 405-kyr long eccentricity, “e” for short eccentricity, “O”
for obliquity and “P1/P2” for precessions components. B. The resulting Gaussian
bandpass filters for long (E) and short (e) eccentricities, for both hypotheses (H1 and
H2).

Fig. 5 — A. Spectral analysis of the upper interval of the MS dataset (202.8 — 220 m),
in the stratigraphic domain, with the interpreted 405-kyr eccentricity spectral band
marked as “E”. B. Stratigraphic time domain spectral analysis, using 405-kyr. C.
Spectral analysis of the upper interval of the MS dataset with the interpreted orbital
band solutions. D. The resulting Gaussian bandpass filters for long (E) and short (e)
eccentricities. All three 2t MTM power spectra (A, B and C) present the AR(1) red
noise model removal and mark the 90%, 95%, 99%, and 99,9% confidence levels. In
A and C, the wavelengths of spectral peaks are labelled in cm and, in B, they are
labelled in kyr. For the interpretation of spectral bands, we assigned: “E” for 405-kyr
long eccentricity, “e” for short eccentricity, “O” for obliquity and “P1/P2” for
precessions components.

Fig. 6 — TimeOpt analyses of the separated analyzed intervals (upper and lower) of the
MS dataset. A. Lithological column. B and C. TimeOpt analysis for lower and upper
intervals, respectively. For both intervals, we present: Summary of the statistical
results; Squared Pearson correlation coefficients and its respective eTimeOpt analyses:
for the amplitude envelope fit (r2envelope; red dots), for the spectral power fit (r2
spectral; light gray line) and for the combined envelope and spectral power fit (r2 opt),
at each evaluated SAR; Periodogram (black line) given the TimeOpt derived
sedimentation rate (0.77 and 1.75 cm/kyr, for upper and lower intervals, respectively)
and eccentricity target periods (405, 131, 125 and 95 kyr) in vertical dashed red lines;

Comparison of the data amplitude envelope (red line) and the TimeOpt-reconstructed
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eccentricity model (blue line); Comparison of the band-passed short eccentricity region
(black line), and the data amplitude envelope (red line) determined via Hilbert
transform.

Fig. 7 — A. lllustrative depositional scenario for the analyzed section of the Banda Alta
Formation. The lower scenario presents the deposition of the banded iron formation
(lower interval; 220 — 238 m) in a low sea level setting, thicker ice sheet (h), influenced
by the redoxcline and its effect zone (gray arrows), with the associated EHA results.
The upper scenario displays the deposition of the nodular iron formation (upper
interval; 202.80 — 220 m) in a higher sea lever context, thinner ice sheet (h), under less
influence of the redoxcline fluctuations, with the associated EHA results. B.
Correlation between granular facies, peaks of geochemical profiles (terrestrial input
and P content) and eccentricity curves, highlighted by dotted pink lines. From left to
right: Lithological column of the analyzed section; Gaussian bandpass filtering of the
interpreted 405-kyr long eccentricity for upper and lower intervals (H1 and H2); Raw
MS dataset in grey; Geochemical depth profiles of the P content (in blue) and sum of
the terrigenous elements (Al+K+Ti+Zr; in orange).

SUMARIO DE TABELA

CAPITULO 3

Tabela 1 — Mineral que comp8em as formacgOes ferriferas, se é interpretada como
secundario ou precursor, problematicas relacionadas a essas hipoteses e caracteristicas
de magnetizacdo mineral (diamagnética, paramagnética ou ferromagnética).
CAPITULO 6

Table 1 — 657Fe values for selected samples of the Banda Alta IF, type of analyzed
sample, sample ID and position in the drill core. Furthermore, we present Nd isotopic

values (*) performed by Viehmann et al. (2016) and their sample identification therein
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CAPITULO 1
INTRODUCAO



1. INTRODUCAO

1.1. Contextualizacdo e Justificativa

As formacgdes ferriferas (FFs) séo registros geoldgicos exclusivos do periodo
Precambriano e possuem relevancia ndo apenas em termos econémicos, associado aos grandes
depdsitos de ferro, mas também como valiosos arquivos geoquimicos e paleoambientais
(Konhauser et al., 2017; Bekker & Kovalick, 2020). Sua génese esta intrinsecamente relacionada
as grandes transformacdes do sistema climético da Terra (Ruddiman, 2008), principalmente
acerca da composicao atmosférica e dos oceanos (Young, 2013). Estas mudancas, em sintese,
compreendem a primeira emergéncia de oxigénio livre na atmosfera terrestre e sua subsequente
fixacdo (Canfield et al., 2013; Kump et al. 2013; Warke et al., 2020), as inovagdes bioldgicas e
suas contribuicdes para os ciclos biogeoquimicos (Campbell & Allen, 2008) e, ainda, a ocorréncia
de grandes perturbagdes climéaticas como as glacia¢des globais (Hoffman et al. 1998; Kirschvink
et al. 2000; Trindade et al., 2003, Merdith et al., 2017, Young, 2019).

As FFs sdo predominantemente rochas sedimentares quimicas de idade avangada, com
um teor de ferro (Fe) superior a 15% (e.g., Bekker et al., 2010). Devido a essa composic¢éo, elas
sdo altamente suscetiveis a recristalizagdes e overprints por processos pés-deposicionais como
diagénese e metamorfismo (Rasmussen et al., 2021). Essas transformagdes podem apagar as
texturas e fases cristalinas originais e até mesmo gerar assinaturas falsas de especiagdo do ferro
(Merriman, 2005; Konhauser et al., 2017; Slotznick et al. 2018). Além disso, é fundamental
considerar o crescente reconhecimento da contribuicdo bioldgica nos processos de formagao
dessas rochas, especialmente na oxidag&o e precipitacdo do ferro, o que acrescenta complexidade
as relagdes mineraldgicas e texturais (Czaja et al., 2013; Kappler et al., 2005; Li et al., 2013a; Li
et al., 2017; Planavsky et al., 2009; Schad et al., 2019). Embora exista uma vasta bibliografia
sobre a génese das FFs, é importante destacar que ndo ha consenso em relagdo aos multiplos
aspectos envolvidos nesse processo, que incluem sedimento precursor e mecanismos de oxidacao
e precipitacdo (e.g., Bekker & Kovalick, 2020).

A abundancia de minerais de 6xidos de ferro na paragénese mineral, juntamente com sua
ampla distribuicdo ao longo do tempo e do espaco no Precambriano, confere as formacdes
ferriferas um potencial como arquivo paleomagnético. Nota-se que o registro paleomagnético se
refere, sucintamente, ao alinhamento dos momentos magnéticos imobilizados (lock-in) em
relacdo a um campo magnético (Tauxe et al., 2006; Sagnotti, 2018). No intuito de obter polos
paleomagnéticos para possiveis reconstrugdes paleogeograficas, almeja-se que a imobilizacdo dos
momentos magnéticos transcorra durante a deposi¢do da rocha sedimentar na orientacdo do

campo geomagnético (e.g., Tauxe et al., 2006). Deste modo, considerando as complexidades



genéticas das FFs, abordar seu registro magnético significa confrontar os desafios na compreenséo
dos processos de aquisicdo de magnetizacdo e, consequentemente, na procedéncia primaria dos
dados magnéticos obtidos (Kirschvink et al., 1985; Roberts et al., 2013; Roberts, 2015;
Abrajevitch et al., 2016).

1.2. Objetivos

O obijetivo central deste doutorado foi, inicialmente, fornecer uma contribuicdo acerca do
conhecimento dos processos de magnetizacao das FFs, analisando amostras naturais e sintéticas.
No entanto, ao investigar essas questfes, nos deparamos com uma lacuna cientifica primordial,
que requer uma abordagem prévia, e que diz respeito a prépria génese dessas rochas. Portanto, o
objetivo deste projeto foi investigar os fatores genéticos condicionantes e influentes para a
magnetizacdo dessas rochas.

O estudo dessa temética desempenha um papel fundamental para a compreensao do ciclo
(bio)geoquimico do ferro no Precambriano. Ainda, esses questionamentos genéticos podem
contribuir para uma potencial validacdo dos dados paleomagnéticos oriundos das FFs, podendo
aumentar significativamente o volume de informagdes disponiveis para as reconstrucdes
paleogeograficas e para compreensdao geodinamica do passado geoldgico (e.g., Gerya, 2014).
Com esse proposito, foram analisadas as formacdes ferriferas neoproterozoicas do Distrito de
Urucum (Formagédo Banda Alta, Grupo Jacadigo, Corumba, MS-Brasil) e foram arquitetados dois
experimentos laboratoriais de sintese de FFs. Portanto, o projeto engloba os seguintes objetivos

especificos:

i. Investigar os mecanismos de precipitacdo e aquisicdo magnética, por meio de
experimentagdes laboratoriais;

ii. Estimar as condi¢des diagenéticas associadas a Formacao Banda Alta, por meio de
mineralogia de argilas, indices de Kiibler e investigacao petrografica;

iii. Awvaliar a contribuicdo bioldgica nos mecanismos genéticos da Formacao Banda
Alta e suas possiveis implicacdes na magnetizacao;

iv. Investigar o tempo de formacdo (primaria ou diagenética) das camadas alternadas
de Fe e Si, caracteristicas das FFs, por meio de analises de estruturas de
deformacéo causadas por seixos pingados;

v. Examinar a natureza e a ciclicidade de oscila¢des reveladas em um conjunto de
dados continuo de susceptibilidade magnética ao longo de uma se¢do da Formagéo
Banda Alta, por anélise cicloestratigrafica;

vi. Obter uma estimativa de taxa de sedimentacdo para as FFs da Formagdo Banda

Alta, por meio de cicloestratigrafia;



vii. Propor um modelo deposicional para a Formacdo Banda Alta, considerando tanto
as respostas paleoambientais a possiveis influéncias orbitais, por cicloestratigrafia,

guanto a contribuicdo bacteriana, por analise de isétopos de ferro;

1.3. Estruturacdo de Tese

Esta tese de doutorado é composta por dez capitulos, além dos anexos. Este primeiro
capitulo perfaz a introdugdo incluindo a motivacdo da escolha temética e os objetivos gerais e
especificos do projeto de doutorado. O segundo capitulo apresenta uma contextualizagdo das
mudancas no sistema climatico durante o Precambriano. Assim sendo, discute-se brevemente
composicdo oceanica, atmosférica, paleogeografia, eventos de oxidagdo e glaciais além de
registros geoldgicos, em especifico a deposicao de FFs. O terceiro capitulo propde uma revisdo
especifica acerca da génese das FFs, quanto aos mecanismos de oxidacgao, hipoteses de mineral
precursor e principais minerais da paragénese da rocha. Ainda, neste capitulo apresenta-se uma
breve revisdo conceitual sobre o magnetismo de rocha apontando problemaéticas quanto ao
mecanismo de aquisi¢do de magnetizacao sedimentar e processos de remagnetizacéo.

O quarto capitulo apresenta uma sintese com todas as metodologias aplicadas ao longo
do doutorado. Os capitulos subsequentes, do quinto ao oitavo, apresentam 0s resultados
preliminares e os artigos submetidos ou em elaboragéo ao longo do decorrer do projeto.

O quinto capitulo apresenta as experimentacdes laboratoriais, que foram estruturadas com
0 objetivo de investigar tanto os processos genéticos quanto os resultados consequentes na
aquisicdo de magnetizacdo das amostras sintéticas. S&o divididas em duas experimentacdes,
sendo elas: 1) deposicdo de uma FF, com alterndncia deposicional de camadas ricas em ferro e
silica, de maneira abi6tica, seguindo o método descrito por Zhu et al. (2014); e 2) uma simulacao
da formagédo de magnetita na interface sedimento-agua, no contexto de oceano arqueano, baseada
na metodologia de Li et al. (2017). A primeira experimentacgéo foi estruturada, com aquisicéo de
gases e vidraria com suas devidas modificacdes, porém, devido ao longo tempo estimado para a
experimentacgdo e devido a ocorréncia da pandemia de COVID-19, ndo foi possivel dar inicio a
este trabalho. Por outro lado, a segunda experimentacdo foi devidamente realizada e seus
resultados preliminares, juntamente com consideragfes de futuras modificacbes serdo
apresentadas no capitulo.

O sexto capitulo apresenta o primeiro manuscrito produzido durante o projeto, intitulado
“The Banda Alta Iron Formation (Urucum District, Brazil): Insights on the biological
contribution in the metal fertilization” e submetido ao periodico PRECAMBRIAN RESEARCH
em maio de 2021. Os primeiros resultados deste mesmo estudo foram expostos como péster no
European Geosciences Union General Assembly 2020 (EGU 2020), sob titulo de “Conundrum of
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the iron isotopic fractionation: banded iron formation from Urucum district, West Brazil”

(https://doi.org/10.5194/equsphere-equ2020-6020). O manuscrito em questdo engloba

caracterizacdo mineraldgica por petrografia e difracdo de raios-X, avaliacdo diagenética por
mineralogia de argilas, analises isotdpicas de ferro, incluindo compilacdo bibliografica desses
dados e analises estatisticas, além de analises magnéticas na tentativa de reconhecer contribuices
biogénicas. As discussdes deste trabalho sdo voltadas ao contexto deposicional e diagenético das
FFs da Formacdo Banda Alta.

O sétimo capitulo apresenta o manuscrito (em elaboracdo) do estudo da génese das
camadas alternadas de Fe e Si, fei¢do caracteristica das FFs, intitulado “Layer by layer:
Unravelling the depositional mechanism of iron formations ”. Esse trabalho engloba investigacdes
macroscopica, microscopica e cristalograficas de estruturas de deformacdo dessas camadas,
causadas por impacto de seixos pingados. O objetivo principal deste artigo é estabelecer o tempo
de formacdo dessas camadas, se sdo deposicionais ou diagenéticas. O ANEXO 1 contém o
material suplementar do artigo apresentado neste capitulo.

O oitavo capitulo apresenta 0 manuscrito (em revisdo) da analise cicloestratigréafica de
uma sessao de FFs do Distrito de Urucum. O manuscrito ¢ intitulado “Milankovitch imprint and
paleoenvironmental constraints on iron formation deposition over Cryogenian glaciations™ e foi
submetido ao periddico SCIENTIFIC REPORTS em maio de 2023. O artigo objetiva investigar
a natureza e ciclicidade de oscilagbes em um conjunto de dados continuos de susceptibilidade
magnética ao longo de um testemunho de sondagem do Distrito de Urucum. A partir dessa analise,
reconhecemos a influéncia orbital na deposicéo dessas FFs, obtivemos uma estimativa de taxa de
sedimentacdo e discutimos as respostas paleoambientais na deposic¢do associadas as influéncias
orbitais. O ANEXO 2 contém o material suplementar do artigo em revisdo apresentado neste
capitulo.

Por fim, o capitulo 9 apresenta as consideracdes finais do projeto de doutorado, incluindo
conexdo dos resultados obtidos e perspectivas para trabalhos futuros. O capitulo 10 perfaz as
referéncias bibliogréaficas indicadas nos capitulos inicias (1 — 5) e das consideragdes finais
(Capitulo 9), enquanto as referéncias bibliograficas de cada artigo estdo contidas nos respectivos

capitulos.
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CAPITULO 2
O PALEOCLIMA DO PRECAMBRIANO



2. OPALEOCLIMA DO PRECAMBRIANO

O ferro é o elemento mais abundante do planeta Terra e tem papel crucial nos processos
biogeoquimicos (Taylor & Konhauser, 2011; Raiswell & Canfield, 2012; Bekker & Kovalick,
2020). Devido a sua caracteristica sensivel ao estado redox, o ciclo do ferro pode ser interligado
as maiores mudancas paleoclimaticas ao longo da evolucdo do planeta (Swanner et al., 2020).
Essas mudancas sdo resultado da constante busca por equilibrio do sistema climatico, este
composto pelas interagbes das esferas internas — atmosfera, hidrosfera, biosfera, criosfera e
litosfera — e rearranjos destas causados pelas forcantes externas — tectbnicas, orbitais e/ou
insolacdo (Ruddiman, 2008). Nesse contexto, o ciclo do ferro reage as perturbacdes climaticas e
deposita arquivos paleoclimaticos como registros geologicos, os depdsitos de ferro. Portanto, para
o entendimento do ciclo biogeoguimico do ferro, é imprescindivel o estudo do sistema climatico.
Com isso, retrata-se neste capitulo a evolugdo do mesmo desde o Arqueano ao Neoproterozoico
e suas implicacdes para a tematica desta tese.

O Eon Arqueano (4.0 — 2.5 Ga) consistiu um periodo em que a atmosfera era
composicionalmente bem distinta da atual. Nesse contexto, sua composicdo era pobre em
oxigénio, resultando na auséncia de uma camada significativa de ozénio (Swanner et al., 2020),
0 que possibilitava uma maior exposi¢do de radiacdo UV (Cockell, 2020). Acredita-se que a
atmosfera primitiva era essencialmente composta por CO; e outros gases de efeito estufa,
atribuidos principalmente as emissdes vulcanicas (Young, 2019). De acordo com Fabre et al.
(2011), ha evidéncias que indicam altas pressfes parciais de CO, na atmosfera arqueana,
calculada em torno de 100 vezes a PAL (Present Atmospheric Level; e.g., Rye et al., 1995). Outro
composto a ser considerado na composicdo da atmosfera primitiva € o metano, um gés de efeito
estufa importante para o controle de temperatura no Arqueano (Kasting, 2004). Nota-se que um
dos processos ativos na Terra primitiva e amplamente discutido em literatura é a metanogénese,
que representa a produtividade primaria por degradacdo de carbono orgéanico (e.g., Laasko &
Schrag, 2017). No entanto, a presenca de metano se torna um complexo debate, visto que ndo ha
proxy direto para estimar sua presenca e concentragdo (e.g., Swanner et al., 2020).

O oceano arqueano, por sua vez, possuia condigdes andxicas e composi¢ao quimica rica
em ferro em sua forma reduzida (Fe*?), cuja provavel origem contempla fluidos vulcanicos
hidrotermais e fontes continentais (Fig.1; Klein, 2005; Bekker et al., 2010; Camacho et al., 2017,
Heard & Dauphas, 2020). Segundo Planavsky et al. (2012), o oceano primitivo, antes da
emergéncia de oxigénio, ndo continha uma redoxclina bem estabelecida, resultando em um

oceano sem estratificagdo composicional em relacéo ao estado redox (Fig. 1).
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Fig. 1—Evolucédo da atmosfera, do oceano e a deposi¢éo de formagcdo ferrifera ao longo da historia
da Terra (modificado de Olson & Straub (2016), Camacho et al. (2017) e Konhauser et al. (2017).
O grafico superior (“atmosfera”) constitui a evolucéo da composi¢do atmosférica (O, linha azul)
evidenciando os maiores eventos paleoclimaticos e inovacgGes biologicas. O gréafico central
(“oceano”) apresenta uma barra colorida ilustrando a condic¢do redox do oceano profundo e cinco
distribuicdes esquematicas de Fe (I1), H2S e O2 ao longo da coluna d’agua oceéanica, ambas em
relacdo ao eixo do tempo (eixo Xx). O grafico inferior (“formagOes ferriferas”) apresenta um

histograma de deposicéo de formacéo ferrifera ao longo do Precambriano, em giga toneladas.

A biosfera, no Arqueano, se encontrava em complexo desenvolvimento no oceano,
evidenciada por assinatura isotopica de carbono organico e por estruturas microbiais, com idades
em torno de 3.7 Ga (Fig. 1; Nutman et al., 2016), reafirmando provavel origem biol6gica no Eon
Hadeano (> 4.0 Ga; Hedges, 2002). A origem da vida consiste em um debate até os dias de hoje,
com implicacdes voltando-se cada vez mais para questdes planetarias. Miller (1953) foi o
primeiro a associar a ocorréncia de raios a energia necessaria para criacdo da “sopa primordial”
e, até hoje, se consagra como uma das teorias mais bem aceitas. Outra caracteristica essencial
para o surgimento da vida é o ambiente fisico-quimico a qual estava inserida. Nesse sentido,
aponta-se para ambientes de fontes hidrotermais, com sua composi¢do quimica enriquecida por
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metais provenientes de vulcanismo submarino, além de temperatura elevada e pH baixo (Olson
& Straub, 2016). Uma grande inovagdo para a biosfera foi o surgimento do processo de
fotossintese, a habilidade de extrair energia de um foton e utiliza-la no préprio metabolismo
(Knoll, 2003; Kasting, 2013). Inicialmente, esta acontecia de forma anoxigénica e, em torno de
2.75 Ga, houve evolucdo para uma complexa fotossintese oxigénica (Camacho et al. 2017).

As reconstrucdes paleogeograficas do Arqueano constituem, segundo Young (2013), um
tépico controverso, principalmente em se tratar de mecanismos de acres¢do crustal na Terra
primitiva. Ainda assim, h4 uma consisténcia na hipotese do desenvolvimento de um
supercontinente denominado Lauroscandia no Arqueano tardio (Fig. 2; Mints & Erikssom, 2016).

A transicdo entre o Arqueano e o Paleoproterozdico, em 2.5 Ga, apesar de ser relatada
como abrupta, é entendida como um processo gradual com duracdo de milhdes de anos (e.g.,
Young, 2019). Essa transicdo é marcada por intensas mudancas do sistema climatico, como a
primeira emergéncia de oxigénio, o Great Oxidation Event (GOE; Fig. 1), resultando na primeira
acumulacao atmosférica de oxigénio (Holland, 2002; Bekker et al., 2004; Tang & Chen, 2013;
Young, 2019). O oceano, espelhado na atmosfera, teve seu estado redox alterado, variando suas
condi¢des de ferruginoso andxico para um oceano profundo mais euxinico (Fig. 1; Harada et al.,
2015; Camacho et al., 2017; Wang et al., 2023). Esse processo ocorreu como resultado da
remocdo do Fe*? por oxidacdo, formando-se massas profundas de aguas sulfidicas (SO4?).
Segundo Planavsky et al. (2012), apés o GOE, o oceano também comecou a apresentar uma
redoxclina discreta (Fig. 1 - Ocean — distribution of Fe, H2S and O, through the ocean).

A emergéncia de O, no planeta Terra tem correlacdo com a inovagdo bioldgica da
fotossintese oxigénica por cianobactéria (Kasting, 2013). No entanto, essa correlagdo ndo
aparenta ser direta, visto que ha evidéncias de que fotossintese oxigénica ja acontecia ha milhGes
de anos antes do GOE (e.g., Laasko & Schrag, 2017) e que 0s oasis de aguas rasas oxigenadas
tinham possivelmente ocorréncias restritas (e.g., Wang et al., 2023). Portanto, a que se refere esse
delay na estabilizacdo de oxigénio na atmosfera? Pesquisadores procuram a resposta para essa
pergunta em estudos referentes ao balanco do estado redox da Terra (e.g., Canfield et al., 2013;
Kasting, 2013; Laasko & Schrag, 2017; Slotznick et al., 2022).

Kasting (2013) analisou modelos de balanco redox para o Arqueano-Paleoproterozdico e
apontou alguns fatores cruciais para o acontecimento do GOE: 1) Inovacdo da fotossintese
oxigénica; 2) Crescimento de crosta continental; e 3) Oxidacdo gradual dos continentes e dos
assoalhos oceanicos. Nesse sentido, o autor discute que, com o advento da fotossintese oxigénica
em torno de 2.75 Ga, a liberagdo de O, no oceano supriu inicialmente o processo de oxidagéo de
fases reduzidas contidas nesse ambiente, registrada pela grande deposicao de formacdes ferriferas
(Fig. 1). Segundo essa hipotese, o0 oxigénio produzido ndo era liberado para a atmosfera, mas
consumido por esse processo de oxidacdo. Adicionalmente, ao longo da histéria primitiva da

Terra, houve um crescimento significativo de crosta continental, visto que, no inicio do Arqueano,
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essa era pouco (ou ndo) existente (Kasting, 2013). Esse crescimento se relaciona com uma
diminuicdo no vulcanismo submarino e aumento de vulcanismo subaéreo, com inicio da formacéo
de grandes massas continentais, provavelmente diminuindo consideravelmente o input quimico
de metais reduzidos no oceano. E possivel, portanto, que esses fatores possibilitaram uma
diminuicdo no consumo de oxigénio pelo processo de oxidacdo de ferro. Com isso, houve um
delay temporal entre a o inicio da producgdo de O por cianobactérias e a liberacdo desse para a

atmosfera, com posterior formacéo da camada de 0zodnio (Kasting, 2013).
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Fig. 2 — Esquema de distribuicdo de supercontinentes (em rosa) e glaciagdes (barras azuis) ao

longo do tempo geoldgico (Young, 2019).

Segundo Young (2013), as evidéncias que corroboram para o0 surgimento de oxigénio
livre na atmosfera, pelo GOE, véao desde estudos com paleossolos pobres em ferro, a mineralogia
de depésitos fluviais maduros ricos em pirita detritica e uraninita, até as excursdes positivas de
813C, retratando o sequestro de *2C por organismos fotossintetizantes. Outra linha de evidéncia se
baseia em dados isotopicos de enxofre em depositos sedimentares (Farquhar et al., 2000; Farquhar

& Wing, 2003). Isso se da devido a uma mudanca no fracionamento do enxofre, de independente
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de massa para dependente de massa, antes e depois do aumento de taxas de O, na atmosfera,
respectivamente (Gumsley et al., 2017).

A transicdo Arqueano-Paleoproteozdico e o periodo inicial do Paleoproteozoéico foram
também caracterizados por um periodo de glaciacdes, denominadas glaciacdes Huronianas, e
consideradas como do tipo global (Figs. 1 e 2; Kopp et al., 2005; Young, 2013; Warke et al.,
2020). Hoffman et al. (2017) postulam que, durante uma glaciacdo global (Snowball Earth), ha
isolamento da litosfera/hidrosfera da atmosfera por uma cobertura de gelo em escala global,
causando desequilibrios no sistema climatico e na interagdo atmosfera-oceano.

Segundo Gumsley et al. (2017), o supercontinente Lauroscandia se encontrava baixas
paleolatitudes. Haveria, na transicdo Arqueano-Paleoproteozdico, uma intensa liberacdo de COs,
registrado por vulcanismo proveniente de uma grande provincia ignea (LPM — Large Igneous
Province). Ainda, ha indicagdes de destruicdo expressiva de metano (CH.), aumentando as taxas
de oxigénio na atmosfera, levando a um resfriamento, dando inicio a uma glaciagdo global
(Kirschvink et al., 2000; Young, 2019). Nesse contexto, os registros geoldgicos apresentam
sucessdes intercaladas de diamictitos e FFs e, em seu topo, carbonato de capa, registrando a fase
pos-glacial. Essa sucessao geoldgica perfaz um dos pilares para a hipétese de glaciagGes globais,
com ocorréncia inclusive em baixas latitudes, devido a contida deposicao de rochas carbonaticas
em paleolatitudes tipicamente baixas (Evans et al., 1997; Schmidt & Williams, 2013; Hoffman et
al., 2017).

O periodo compreendido entre 1.8 e 0.8 Ga (Paleoproterozdico médio ao inicio do
Neoproterozdico) é denominado, por alguns autores, como o boring billion (bilhdo entendiante;
Holland, 2006; Roberts, 2013), devido a relativa estabilidade climatica. Apesar disso, houve
intensa atividade tectbnica ao longo desse periodo (Young, 2019) com a formagdo do
supercontinente Columbia e, posteriormente Rodinia (Roberts, 2013).

Young (2013) discute a auséncia de grandes glaciacbes durante o boring billion,
apontando a convergéncia de fatores climaticos que incitam o desenvolvimento de uma glaciagdo
global. A tectbnica, no sentido de desenvolvimento de supercontinentes, é um desses fatores
cruciais, mas também a radiacdo solar e a temperatura mantélica, controlando atividades
vulcénicas. As glaciagbes Huroniana sdo apontadas como resultados de efeitos de supercontinente
com uma fraca radiacdo solar (baseado na teoria do faint young sun; Goldblatt & Zahnle, 2011;
Shaw, 2016) e altas temperaturas mantélicas, coerentes com o tempo geoldgico analisado (Young,
2013). Dessa forma, periodo denominado como boring billion representou um balango energético
entre esses fatores, causando estabilidade climatica (Young, 2013).

A Era Neoproterozéica (1.0 — 0.54 Ga) consistiu em um periodo de perturbacdes do
sistema climatico, relacionado com o segundo evento de oxidacdo, Neoproterozoic Oxidation
Event (NOE; Och & Shields-Zhou, 2012; Fan et al., 2014). Sua causa ainda é indefinida (e.g.,

Och & Shields-Zhu, 2012), mas ha hip6teses apontando para volumosas emissdes vulcanicas
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impactando balanco de oxigénio livre na atmosfera (Macoiun et al., 2015; Lu et al., 2022). Dentre
as evidéncias da ocorréncia desse evento, é possivel observar assinaturas isotdpicas de carbono,
enxofre e estrdncio, além de indicativos de metais traco sensiveis as condi¢des redox (Shields-
Zhou & Och, 2011; Och & Shields-Zhou, 2012). A atmosfera e a hidrosfera passaram por
mudancas devido a esse evento de oxigenacgdo, em termos de concentragdo relativa de gases e na
quimica dos oceanos (Fig. 1). Entretanto, apesar da ascensao das taxas de oxigénio livre, acredita-
se gque o oceano profundo do Neoproterozoéico conservou os estados de anoxia ferruginoso, devido
a uma redoxclina bem estabelecida (Canfield et al., 2008; Planavsky et al., 2009; Planavsky et
al., 2012; He et al., 2023). Possibilitou-se, dessa forma, a deposicdo de FF por processos de
upwelling marinho de massas d’agua profundas enriquecidas em Fe*? para porces mais
superficiais oxigenadas do oceano estratificado (Hoffman et al., 2017; Young, 2019; Fig. 1).

O cenério de grandes mudancas paleoclimaticas, durante o Neoproterozdico, foi
composto pela ruptura do supercontinente Rodinia (Fig. 2), e seu consequente aumento de
intemperismo subaéreo, pela liberacdo de maiores quantidades de CO; através da formacéo de
cadeias meso-oceanicas (Li et al., 2013b), e, ainda, pela grande inovacdo biol6gica dentre os
eucariotes multicelulares, com apari¢do de metazoarios durante o periodo Ediacarano (Fairchild
& Kennedy, 2007; Xiao et al., 2016; Tang et al., 2022). Todos esses fatores, combinados com as
taxas de radiagdo solar e temperatura mantélica (e.g., Young, 2019), tiveram papel crucial para o
inicio das glaciagoes globais Neoproterozoicas (Fig. 3; Kirschvink, 1992; Hoffman & Li, 2009;
Hoffman et al., 1998).

Segmentam-se essas glacia¢Oes globais em trés eventos, glaciacdes Sturtiana (~740-647
Ma) e Marinoana (~660-635 Ma), ambas no Criogeniano, e glaciacdo Gaskiers (~580 Ma),
durante o Ediacarano (Halverson, 2006). Essas divisfes tém como bases principais dados
geocronoldgicos e curvas isotopicas de carbono, com excursdes 3*C positivas seguidas por
excursdes 3:3C negativas em carbonatos de capa (Fig. 3; Halverson et al., 2009; Xiao et al., 2016).
Uma problematica apontada por Fairchild & Kennedy (2007) é a natureza sedimentar dos
depositos e a determinagdo temporal dos mesmos por cronoestratigrafia, combinando
bioestratigrafia e quimioestratigrafia, sendo rara obtengdo de idades radiométricas.

Ap0s essa sintese da analise climatica desde o Arqueano ao Neoproterozdico, percebe-se
a interconexdo das esferas do sistema climatico da Terra, relacionando os eventos de oxigenacao
(GOE e NOE), as grandes glaciacdes globais (tanto no Paleoproteroz6ico quanto no
Neoproteroz6ico), os ciclos de supercontinentes, a evolucao da vida, os parametros orbitais de

radiacdo solar e a temperatura mantélica.
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Fig. 3 — Distribuicdo global dos depdsitos glaciais e glacio-marinhos das glaciacGes
Neoproterozoicas (Sturtiana, Marinoana e Gaskiers), a esquerda, e variagdo de dados isotépicos
de carbono ao longo das mesmas, a direita (Xiao et al., 2016, modificado de Halverson (2006) e
Fairchild & Kennedy (2007)).

Dessa forma, as FFs estdo diretamente interligadas a esses momentos de perturbagdes
climaticas e podem fornecer diversas informagdes paleambientais, climéticas e possivelmente até
paleomagnéticas, para fins de reconstruces paleogeograficas. Portanto, devem ser abordadas
algumas hipéteses controversas e debates acerca dos modelos e dos mecanismos dessas grandes
glaciagbes. E importante destacar que um dos pilares para esses modelos é a configuragio
paleogeografica, que deriva de andlises de inclinagdo magnética para determinagdo de posicéo
paleolatitudinal. Assim, existem quatro pontos de vista acerca desses mecanismos (postuladas
sobre as glaciagcdes Neoproterozodicas) em discussao atualmente, Snowball Earth, Slushball Earth,
Zipper-Rift Earth e Alta Obliquidade (Fig. 4; Fairchild & Kennedy, 2007).
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Fig. 4 — Diagrama ilustrando os quatro pontos de vista distintos acerca dos modelos e mecanismos

de glaciacdo, com suas principais caracteristicas (Fairchild & Kennedy, 2007).

A hipo6tese do Snowball Earth (Kirschvink, 1992; Hoffman et al., 1998; Hoffman et al.,
2017) remete ao completo congelamento do planeta e é a ideia mais difundida. Postula-se, nessa
hipotese, que o gatilho para a glaciagdo esté ligado a uma configuracéo paleogeografica atipica
de concentracGes de supercontinentes em latitudes médias a baixas (Kirschvink, 1992; Hoffman,
1998). Essa configuragdo levaria a uma perturbacéo nas taxas de albedo e a um aumento nas taxas
de intemperismo nos trépicos, resultando em uma redu¢do na temperatura da Terra (Kirschvink,
1992). Durante a glaciagéo, haveria um isolamento da litosfera/hidrosfera e da atmosfera por uma
cobertura de gelo, impactando todo o ciclo hidrolégico marinho e o ciclo biogeoquimico do
carbono (Young, 2019). Devido as agBes de vulcanismo ainda atuantes durante a glaciacéo,
ocorreria uma lenta ascenséo das taxas de CO na atmosfera, com aumento do efeito estufa e, por
fim, derretimento do gelo e retorno dos ciclos hidrol6gico e do carbono (Kirschvink, 1992).

A hipétese do Slushball Earth foi proposta por Hyde et al. (2000) e postula glaciacéo de
grandes extensdes, como o Snowball Earth, porém sem isolamento total do oceano e da atmosfera
por cobertura de gelo. Uma das problematicas apontadas para a hipdtese Snowball Earth ¢ um
desenvolvimento bioldgico t&o logo o final de uma grande glaciacéo (no Ediacarano; e.g., Pais et
al., 1999). No modelo Slushball, a abertura oceénica permitiria uma constancia na permanéncia
de vida (Hyde et al., 2000).

A hipétese do Zipper-Rift Earth foi postulada por Eyles & Januszczak (2004) e consiste
em uma glaciagdo tectonicamente induzida e localizada especificamente nas denominadas
“ombreiras de rifts”. Os autores proponentes apontam as incertezas acerca os dados

paleomagnéticos e das reconstrucdes paleogeograficas geradas a partir dos mesmos. Dessa forma,
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indicam-se incertezas quanto a hipdtese de glaciacGes atingindo baixas a médias latitudes e
explicam as assinaturas geoquimicos e isotopicas das glaciacbes como parte do ciclo
biogeoquimico e, principalmente, pela tectdnica global e intensidade de atividade vulcanica.

A hipdtese da Alta Obliquidade foi apresentada por Williams (1998; 2008) e remete a
uma alta obliquidade orbital (>54°) do planeta Terra no Precambriano como explicacdo para a
ocorréncia de glaciacfes em baixa latitudes. Dessa forma, as glaciacBes teriam atingido essas
paleolatitudes devido a uma configuracdo orbital diferenciada do planeta e ndo a uma grande
extensdo da propria glaciacdo. Uma problemaética enfrentada por Williams € o mecanismo de
variabilidade da obliquidade da Terra e, nesse sentido, trabalhos com simulacdo de modelos
climéticos para o passado contradizem essa hipotese (e.g., Surgy & Laskar, 1997; Pais et al.,
1999; Donnadieu et al., 2002; Levrard & Laskar, 2003).

Analisando essas quatro vertentes apresentadas acerca dos mecanismos e estilos de
glaciagdes, é possivel perceber os grandes desafios que cercam esse debate, o timing dos eventos
e a incerteza nas medidas paleomagnéticas e, portanto, na precisdo das configuracdes
paleogeograficas propostas (e.g., Merdith et al., 2017). Deve-se ressaltar que o volume de dados
paleomagnéticos disponiveis tem tendéncia de diminuicdo quanto maior o tempo retroativo
(Gerya, 2014). Portanto, uma maior compreensdo dos processos de aquisicdo de magnetizacéo
em formacgOes ferriferas seria fundamental para uma tentativa de validacdo de dados
paleomagnéticos oriundos dessas rochas acarretando em um aumento de volume de dados.

Dentre algumas problematicas de registro magnético, tem-se que as estimativas de
latitude, por analises paleomagnéticas, dependem da medida de inclinagdo magnética obtida no
registro geoldgico (Kent & Irving, 2010; Roberts et al., 2013). Nesse sentido, as rochas
sedimentares tendem a apresentar uma variabilidade relacionada a essa inclinagéo (Kent & Irving,
2010), por efeito de processos de deposi¢éo (tamanho de gréo, distribui¢do e forma), de diagénese
e de bioturbagdo (Schmidt & Williams, 2013). Essas variabilidades estdo sendo relacionados as
anomalias de Deriva Polar Aparente (apparent polar wander paths; APWPSs) e, com isso,
atribuidos a imprecisdes nas reconstrugdes paleogeogréficas (Schmidt & Williams, 2013). Tem-
se ainda, questdes relacionadas aos processos de auto reversdo magnética por oxidacao de fases
minerais ricas em ferro em baixas temperaturas, podendo gerar incertezas no registro magnético
(Krasa et al., 2005; Olivia-Urcia & Kontny, 2011; abordado no item 3.3). Mais ainda, ha um
debate acerca a intensidade do campo geomagnético ao longo do tempo geoldgico e a
possibilidade de uma menor intensidade do mesmo no Precambriano quando comparado com
registros recentes (Smirnov & Tarduno, 2005; Levashova et al., 2021).

Portanto, a compreensdo dos processos de aquisicdo de magnetizacdo e de
remagnetizacdo, a quantificacdo de registros de magnetizacdo, além da determinacdo de fatores
de correcdo nos parametros magnéticos, em rochas associadas a essas perturbac6es climaticas sdo

essenciais para a discussao da tematica envolvendo o paleoclima do Precambriano.
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CAPITULO 3
FORMACOES FERRIFERAS: GENESE,
ALTERACOES E MAGNETIZACAO
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3. FORMAGCOES FERRIFERAS: GENESE, ALTERACOES E MAGNETIZAGAO

As formacdes ferriferas consistem em unidades sedimentares contendo > 15% de Fe, com
intercalacBes de camadas milimétricas a centimétricas compostas por minerais de ferro e laminas
constituidas de quartzo, chert ou carbonato (James, 1954; Gross, 1980). Essa alternancia foi
denominada por Schad et al. (2019) como “tipo-varvito quimico”, apesar de ndo haver correlagdo
temporal de deposicdo anual (e.g., Bekker & Kovalick, 2020). As FFs sdo comumente
classificadas em BIF (banded iron formation) e GIF (granular iron formation) por diferengas
texturais e mineralégicas, onde o primeiro é composto por grdos primarios muito finos com
notével alternéncia de camadas enquanto os GIF apresentam textura granular com conotacao de
retrabalhamento sedimentar (Simonson & Goode, 1989; Bekker et al., 2010).

Historicamente, dividem-se as FFs em tipo-Algoma e tipo-Lago Superior, em fungéo de
interpretacdo de ambiente deposicional, e tipo-Rapitan, associada a glaciagdes Neoproterozdicas
(Gross, 1980; Bekker et al., 2010; Konhauser et al., 2017). Considera-se que as do tipo-Algoma
tém uma relacdo genética com vulcanismo submarino e/ou centros de espalhamento oceénico e,
por isso, possuem menor continuidade lateral do que as do tipo-Lago Superior, cujos extensos
registros apontam deposicdo em ambiente plataformal a marinho proximal (e.g., Bekker et al.,
2010; Konhauser et al., 2017). As FFs Neoproterozdicas do tipo-Rapitan sdo comumente
associadas as bacias do tipo rift ou margens continentais reativadas e apresentam associagdo com
facies sedimentares glaciais como diamictitos intercalados e dropstones ao longo das laminas de
ferro (Bekker & Kovalick, 2020).

A deposicéo de FFs é foco de continuo debate acerca de fonte de ferro, mecanismos de
oxidacdo e sedimento original (Kunzmann et al., 2017; Konhauser et al., 2017). Segundo
Rasmussen et al. (2021), as FFs sdo rochas sedimentares com elevado nivel de dificuldade para
sua caracterizacdo. Isso se deve a sua complexidade nas analises petrograficas, pela diminuta
granulometria das suas fases cristalinas, além da sua natureza reativa e susceptibilidade as
mudancas de estado redox (Rasmussen et al., 2021). Ainda, devido a idade avangada, essas rochas
apresentam, em sua maioria, processos pos-deposicionais complexos, por efeito de temperatura,
pressdo e percolagdo de fluidos, resultando em recristalizagGes, overprints e mudangas
progressivas na mineralogia (Konhauser et al., 2017; Rasmussen et al., 2021).

Quanto as discussdes acerca da fonte de ferro, um dos principios para a ocorréncia de FFs
é a disponibilidade de Fe(ll) no oceano primitivo, e acredita-se que o enriquecimento em metais
¢ oriundo de vulcanismo submarino (Russel, 2018). No entanto, ha hipéteses de fontes
diferenciadas para disponibilidade de Fe(ll), essas se baseiam na compreensdo da interconexao
dos sistemas geoquimicos e bioldgicos (Johnson et al., 2008b) e o papel do metabolismo da vida

primitiva no ciclo do ferro.
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E importante ressaltar que a fotossintese ¢ um marco evolucionério da vida e foi iniciada
de forma anoxigénica, resultando na oxidacéo de Fe(ll) dissolvido no oceano (Equacéo 1; Johnson
et al., 2008b). Esse processo via bactéria é potencialmente crucial para deposi¢do de FFs, antes
da evolucdo para fotossintese aerdbica (Halama et al., 2016). A fotossintese anoxigénica se

apresenta como a reacao a seguir (Halama et al., 2016):

7H,0 + 4Fe** + CO, — CH,0 + 4FeOOH + 8H* (1)

e, portanto, produz carbono organico e oxihidroxido de ferro (Fe*®), ambos essenciais para
respiracdes heterotréficas como a reducédo dissimulatéria de ferro (dissimilatory iron reduction -
DIR) e a reducdo bacteriana de sulfato (bacterial sulfate reduction - BSR). Johnson et al. (2008b)
discorrem que processos do tipo BSR, em analogos modernos, apresentam reducdo na producao
de siderita e destruicdo de cristais de magnetita, ambas fases minerais em grande quantidade nas
FFs arqueanas. Com isso, Johnson et al. (2008b) apontam que a reducdo bacteriana de sulfato
deveria ser pouco presente em sedimentos arqueanos, possibilitando um sucesso do processo de
DIR pela consequente falta de concorréncia para 0s reagentes necessarios.

Desta forma, aponta-se a disponibilidade de Fe(ll)ag N0 contexto marinho pré-cambriano
como um dos produtos da reducdo dissimulada de ferro (DIR). Esse processo de respiracao
heterotréfica utiliza como reagentes os Fe(l11)-oxihidroxidos previamente precipitados e matéria
organica, ambos resultados da fotossintese anoxigénica, e apresenta Fe(ll)aq como produto final,
este com valores de 8°Fe fracionados biologicamente (Johnson et al., 2008b; Li et al., 2015).
Essa hipétese é favorecida pelos negativos valores isotépicos em FFs ricas em magnetita, além
de valores depletados de carbono organico (Halama et al., 2016). O fracionamento isotépico de
ferro, segundo Johnson et al. (2008a), remete a contribui¢do de atividade metabdlica bacteriana
no processamento desse ferro. Portanto, os autores sugerem que magnetitas com valores 5°°Fe
negativos se formaram a partir de Fe(1l) com valores isotdpicos fracionados disponivel no oceano,
estes interligados com processos DIR. Essa relagdo é explorada na discusséo de dados isotopicos
de ferro para a FFs do Distrito de Urucum, no manuscrito apresentado no Capitulo 6.

O debate exposto acima engloba uma problemética acerca da matéria organica, que apesar
de ausente (ou baixo contetdo) nas FFs, é considerada um produto essencial na hipétese de
contribuicdo bioldgica (e.g., Rasmussen et al., 2021). A auséncia de matéria organica na atual
mineralogia das FFs é interpretada como indicativo de consumo completo dos reagentes (Li et
al., 2013a; Konhauser et al., 2017). Johnson et al. (2008b) apontam coeréncia nessa fonte de
disponibilidade de Fe(ll) para o Arqueano, quando o processo oxidante (fotossintese anaerébica)
era limitado, produzindo assim também limitadas quantidades de reagentes. Por outro lado,

Rasmussen et al. (2021) questiona a auséncia de evidéncias petroldgicas desse processo.
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Este capitulo foi desenvolvido no intuito de melhorar a compreensdo do ciclo
biogeoquimico do ferro, da natureza do mineral original das FFs (item 3.1), além de analisar seus
principais minerais e seus processos de formacdo (com enfoque nos minerais diagenético ou na
interface sedimento-agua; item 3.2). Por fim, discute-se 0 comportamento magnético, o tamanho
dos graos potencialmente portadores de magnetizacdo e 0s tipos de magnetizacao associados a

eles, dentro da variedade mineraldgica das FFs (item 3.3).

3.1. Hipoteses para mineral precursor das FFs

As FFs sdo compostas por uma estimativa de 40 a 50% de silica e 20 a 40% de fases ricas
em ferro (Li et al., 2017). De acordo com Konhauser et al. (2017), sua mineralogia é composta
principalmente por quartzo microcristalino (chert, SiO,), magnetita (FesO.), hematita (Fe»Os),
minerais siliclasticos ricos em Fe como stilpnomelano, minnesotaita, greenalita e riebeckita e
minerais carbonéticos como siderita (FeCOs), anquerita, calcita e dolomita. Entretanto, a maioria
dos minerais observados sdo resultados de alteracbes pds-deposicionais em condi¢des
diagenéticas ou metamérficas (Bekker & Kovalick, 2020). Portanto, no que tange a natureza do
sedimento original, existem algumas hipdteses a serem discutidas a seguir.

Inicialmente, se entendia como minerais precursores das FFs a hematita e a magnetita. A
hematita como mineral precursor ganhou maior visibilidade e credibilidade devido as evidéncias
petrograficas como esferoides hematiticos similares a analogos modernos em locais hidrotermais
na llha de Milos (Grécia; Chi Fru et al., 2013 in Konhauser et al., 2017) e no Mar Vermelho
(Taitel-Goldman & Singer, 2002 in Konhauser et al. 2017). Entretanto, esses esferoides
hematiticos foram, posteriormente, classificados como transformacGes diagenéticas de particulas
de Fe (l1)-oxihidroxido (Konhauser et al., 2017) ou de silicatos de Fe (Rasmussen et al., 2021).
A hipétese da hematita como mineral precursor se baseou também na observacdo de finas
particulas de hematita dispersas em chert, porém ambos trabalhos de Sun et al. (2015) e
Rasmussen et al. (2021) apontaram, por analises de Microscopia Eletrdnica de Transmissdo
(TEM) e Difracdo de Elétrons em Area Selecionada (SAED), que essas particulas s&o,
provavelmente, resultado de um processo de desidratacdo de um mineral precursor de Fe(lll)-
oxihidréxido. Dessa forma, embora haja evidéncias de hematita primaria em alguns casos
isolados, a hematita é apontada tipicamente como uma fase secundaria (Konhauser et al., 2017).

A hipotese de sedimento original mais bem aceita é a de Fe(lll)-oxihidroxido, como a
ferridrita (Fe(OH)s; e.g., Konhauser et al., 2017). Esse mineral precursor seria precipitado da 4gua
do mar via oxidacdo do Fe(ll) dissolvido no oceano primitivo ferruginoso, baseado em anélogos
modernos de ambientes ferruginosos (Li et al., 2017; Bekker & Kovalick, 2020). Para tal hipotese,

levanta-se a discussdo acerca dos mecanismos de oxidacdo na Terra primitiva pré-GOE,
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certamente distintos dos atuais devido a auséncia (ou quase auséncia) de oxigénio na atmosfera
(Swanner et al., 2020), cuja concentracdo de O, pode ser estimada por modelos de balan¢o redox
em aproximadamente 1% do que se observa na Terra atual (Kasting, 2013). A transformacao de
Fe(Il) para Fe(lll), e vice-versa, apresenta modelos quimicos bidticos e abidticos (Konhauser et
al., 2011). Os modelos abioticos estdo associados a foto-oxidagdo via radiacdo UV (Nie et al.,
2017) ou ao direto reflexo da disponibilidade de O, nos oceanos, enquanto 0s bidticos consistem
no envolvimento de atividade metabdlica bacteriana, como fotoferrotrofia (Kunzmann et al.,
2017), reducdo bacteriana de sulfato (BSR) ou reduc¢do dissimulatéria de ferro (DIR; Johnson et
al., 2008b).

Percak-Dennett et al. (2011) apresenta uma hipotese distinta para precipitado original das
FFs, o Fe(l11)-Si gel. Fundamentado em estudos experimentais, Peacak-Dennett et al. (2011) e
Wau et al. (2012) apontam precipitagdo de Fe(l11)-Si géis intimamente interligados em escala
nanomeétrica, resultado da oxidacdo de Fe(ll)ay em presenca de altas quantidades de silica
dissolvida (em torno de 1 a 2mM; Konhauser et al. 2017), ao em vez da precipitacdo de 6xido de
ferro, como a ferridrita. A observacdo de valores fracionados de 6°°Si mais negativos em FFs do
que em cherts do mesmo periodo, ndo associados as FFs, € apresentado como evidéncia dessa
hip6tese (Konhauser et al., 2017). Essa variagcdo isotopica entre litologias é sugerida como
associada a efeitos de adsorcéo de Si na formacao de Fe(lll)-oxihidroxidos (Delstanche et al.,
2009). Este fracionamento isotdpico de silicio é apontado como abidtico (Zheng et al., 2016), mas
também podendo estar relacionado a redugdo microbial de Fe(l11)-Si géis (Reddy et al., 2016).
Dessa forma, Reddy et al. (2016) sugere uma conexdo entre FFs com valores mais negativos de
5%°Si sendo mais ricas em magnetita, cuja formagéo pode estar ligada a processos metabélicos
bacterianos, em contraste com FFs ricas em hematita.

Recentemente, Rasmussen et al. (2021) sugeriu a greenalita como possivel mineral
precursor, apontando esta como o Gnico mineral que engloba todos os critérios de fase primaria
determinada por LaBerge (1964). Este ultimo postula que para ser considerado um mineral
precursor, este deve ter granulometria fina, distribuicdo uniforme, textura particulada ou granular
e associagdo as feigdes sedimentares primarias. A greenalita € um argilomineral 1:1 de férmula
[FesSi20s(OH).], presente em tamanho nano, e de comum ocorréncia como inclusées em camadas
de chert, nas FFs (Rasmussen et al., 2021). A preservacdo de nanoparticulas de greenalita é
facilitada pela imersdo em camadas de chert, colaborando para a inércia quimica, inibindo reacdes
entre greenalita e agua de poro sedimentar, além de inibir compactacdo durante soterramento
(Rasmussen et al., 2021). A auséncia de greenalita em camadas ricas em ferro nas FFs é explicada
na recristalizacdo e transformacdo desse mineral, devido ao contato entre particulas durante a
compactacao, pela falta de cimento de silica para inibicdo (Rasmussen et al., 2021).

As evidéncias da greenalita como mineral precursor se baseiam essencialmente em

experimentos de simulacdo de nucleacdo desse mineral em analogos arqueanos (Tosca et al.,
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2016; Tosca et al., 2019) além das evidéncias petrogréficas, sendo identificada em camadas de
chert em diversas FFs Paleoproterozoéicas (Rasmussen et al. 2021). Entretanto, apesar dessas
evidéncias, essa hipotese apresenta algumas problematicas. Konhauser et al. (2017) aponta que a
sucessao examinada por Rasmussen et al. (2017) representa depdsitos de chert de dguas profundas
distais e ndo FFs plataformais. Ainda, experimentos de Tosca et al. (2016) mostram precipitacdo
de greenalita em condicGes de pH entre 7.75 e 8.3, valores contrastantes com aqueles pensados
para o oceano arqueano (Olson & Straub, 2016). No entanto, Konhauser et al. (2017) aponta que
sistemas dominados por atividade metabolica DIR (dissimulatory iron reduction) poderiam
apresentar pH condizentes com os adquiridos por Tosca et al. (2016) e que greenalita poderia,
portanto, ser uma precipitacdo diagenética. Além disso, Robbins et al. (2019) apontam a
improbabilidade de que o mineral precursor das FFs tenha valéncia de ferro reduzida (Fe*?), como
é 0 caso da greenalita, ao realizar simulagdes hidrogeoldgicas de oxidagdo de silicatos de Fe(ll).

A green rust ou ferrugem verde, um sal de hidréxido ferroso-férrico, perfaz a dltima
hiptese de mineral precursor a ser apresenta (Halevy et al.,, 2017). Uma caracteristica
interessante desse sal é a metaestabilidade e a facilidade de transformacdo em outras fases, a
depender das condi¢Oes ambientais (e.g., Bekker & Kovalick, 2020). ExperimentagGes de Halevy
et al. (2017) e Tosca et al. (2018) indicaram precipitacdo de green rust, em ambiente simulando
oceano arqueano, em condi¢des andxicas e também em condicOes de fluxo lento de O,. Apés as
experimentagdes de precipitacdo do sal, 0 mesmo se transforma em siderita, magnetita ou silicato
de ferro, a depender da quimica do ambiente (Halevy et al., 2017). Entretanto, ndo ha nenhuma
evidéncia petrografica para confirmar essa hip6tese (Rasmussen et al. 2021) e, mais, a premissa
de input de Fe(lll) para formacdo do green rust é considerada problematica e aumenta a
complexidade quimica para essa hipdtese de mineral precursor (Konhauser et al., 2017).

Bekker & Kovalick (2020) apontam um aspecto interessante dos green rust para o
paleoclima Precambriano, com implica¢des na adsor¢do de elementos trago, especialmente o
niquel (Ni). Zegeye et al. (2012) indicam que a formag&o, biotica ou abiotica, de green rust realiza
adsorcdo de niquel, um micronutriente importante para a metanogénese, sugerindo um controle
na producdo de metano no paleoambiente primitivo. Konhauser et al. (2009) discutem a conexao
de formacdo de green rust com o declinio nas concentracdes oceanicas de Ni ao longo do tempo,
possivelmente limitando o processo de metanogénese, depletando a atmosfera de metano e,
eventualmente, impulsionando a oxigenacao da atmosfera terrestre.

Contudo, apesar das diversas hipoteses levantadas, ndo existe ainda consenso quanto ao

sedimento original das FFs, pois nenhuma dessas aponta evidéncias irrefutaveis.
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3.2. Formag&o de minerais principais de carater pos-deposicional

A variedade mineral nas FFs reflete, essencialmente, transformacdes pds-deposicionais
e/ou de interface sedimento-agua (Konhauser et al., 2017). Dessa forma, discute-se a seguir a

formacdo de alguns de seus minerais principais.

Chert

A classica defini¢do de FFs apresenta essas como rochas constituidas de intercalacéo de
camadas de ferro e silica (James, 1954; Gross, 1980). Entretanto, apesar do consideravel acervo
de estudos acerca das FFs, a maioria desses focam na precipitacdo de ferro (Maliva et al., 2005).

Segundo Maliva et al. (2005), o chert é definido como uma fase mineral diagenética
precoce ou logo na interface sedimento-agua, exibindo texturas de cimento (Rasmussen et al.,
2021). A baixa densidade de empacotamento de gréos de cherts relacionados as FFs é uma das
evidéncias de cimentacgdo de silica diagenética precoce (Maliva et al., 2005).

Na hipétese do precursor Fe(l11)-Si gel, o chert seria resultado da desidratacdo diagenética
(Konhauser et al., 2017). Em outras hip6teses de mineral precursor, acredita-se haver co-
precipitacdo de silica coloidal com particulas de Fe (111)-oxihidréxidos, por exemplo a greenalita,
e posterior transformacdo para chert via diagénese (Konhauser et al., 2017). Ainda, na hip6tese
de precipitacdo alternada de ferro e silica, esta alternancia se pauta em oscilagdes de temperatura
e pH no contexto oceénico, previamente simulado abioticamente (Zhu et al., 2014) ou com
contribuicgdo biologica (Schad et al., 2019; Posth et al., 2008).

Magnetita

Segundo James (1954), a magnetita é a principal fase mineral das FFs. Sua origem,
entretanto, esta relacionada a diagénese e/ou metamorfismo, confirmado por abundantes
evidéncias petrogréaficas (e.g., Konhauser et al., 2017). A ocorréncia de magnetita é registrada de
diversas formas, segundo Bekker et al. (2010): 1) grdos disseminados, perturbando laminas
sedimentares; 2) bandas laminadas; 3) em veios e bandas discordantes; 4) preenchimento de
clivagens e 5) grdos grossos em minérios de ferro.

A formacdo de magnetita, em estagios precoces, se vale da disponibilidade de Fe(ll) no
oceano e posterior reacdo com fases pré-existentes. Uma hipétese interessante para formacéo de
magnetita na interface sedimento-agua € a de Li et al. (2017). Essa, testada experimentalmente,
consiste na reacdo de um Fe(l11)-oxihidroxido precursor, a ferridrita, formada ao longo da coluna
d’agua, com o meio aquoso de oceano quente e rico em Fe(Il)s. ESsa hipdtese se baseia na
observacdo de que as FFs arqueanas apresentam maior quantidade de magnetita em sua
composicao, além de maior razdo Fe(ll)/Fe(lll) e maior grau metamorfico, do que quando

comparado com FFs Paleoproterozoicas e Neoproterozdicas (Gross, 1980; Klein, 2005). De
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acordo com Li et al. (2017), essa quantidade de magnetita pode ser relacionada a temperatura
ligeiramente maior do oceano Argqueano, entre 55 a 85°C, estimado por estudos isotdpicos de O e
Si (Knauth, 2005). O oceano, ao longo do tempo geolégico, teve uma reducéo de temperatura e
um aumento na oxigenacao e, portanto, possivelmente houve cessamento desse mecanismo de
formac&o de magnetita, ap6s o Eon Arqueano (Li et al., 2017).

As experimentacGes de Li et al. (2017) testaram a geracao de magnetita e concluiram uma
reacdo de Fe(ll)aq com ferridrita (formada via fotoferrotrofia bidtica ou por sintese abidtica), em
condicBes anaerdbicas, temperaturas em torno de 50°C e pH entre 7.5 e 9, formando magnetita
via fase intermediaria de green rust. Li et al. (2017) também discute as condi¢Ges de pH e apontam
que, apesar do oceano Arqueano ser estimado com pH acido, o oceano profundo seria mais basico.

Nessa experimentacdo, ha observacdo de formacdo de green rust via SEM e
transformacdo dos agregados dessa fase mineral em cristais de magnetita (Li et al., 2017).
Segundo os autores, essas magnetitas iniciam a se formar em escala nanométrica e atingem
granulometria de 15nm em poucas horas, confirmados por dados de XRD e espectroscopia de
Madssbauer, que chegam até 200 nm com maior tempo de incubacdo. Experimentos com presenca
de oxigénio falharam na producdo de green rust e, portanto, ndo houve precipitacdo de magnetita.
Portanto, pode-se dizer que oxigénio inibe formacao de green rust (Li et al., 2017).

Ha argumentacdes contrarias em relacdo a formacdo de magnetita via green rust, devido
a auséncia de feicdes de diagénese precoce em magnetitas da FFs arqueana do Grupo Hamersley
(Australia), por exemplo (Tosca et al., 2019; Rasmussen et al., 2021). Entretanto, essa hip6tese é
promissora e condizente com o paleoambiente antigo, o que nos leva a adota-la como base para

trabalhos do projeto de doutorado (item 4.2).

Hematita

A hematita foi inicialmente proposta como uma fase priméria das FFs, porém esse mineral
é, atualmente, interpretado como um produto de desidratacdo do Fe(lll)-oxihidréxido precursor
(ferridrita; Li et al., 2017). Essa hipdtese conta com evidéncias petrograficas (Rasmussen et al.,
2021), de TEM e SAED por Sun et al. (2015).

A hematita pode ocorrer como micro granulos, laminas de hematita cercada por magnetita
ou como nanoparticulas dispersas em laminas de chert (Rasmussen et al., 2021). Ainda, este
mineral pode substituir a magnetita via oxidativa (com presenca de oxigénio) ou independente de
redox (reacdo de magnetita com H+), aonde ambas reacBes geram martita, um registro da

substituicdo de magnetita por hematita (Rasmussen et al., 2021).

Carbonatos: siderita, calcita, dolomita e anquerita
Siderita é o carbonato mais comum em FFs, e inclui carbonatos das séries de solucéo

solida magnesita-siderita e dolomita-anquerita (Konhauser et al., 2017). Inicialmente, a siderita
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era interpretada como fase primaria, porém ha evidéncias petrograficas e isotopicas contrarias a
essa interpretacdo (Konhauser et al., 2017), além de evidéncias experimentais (Tosca et al., 2019;
Bekker & Kovalick, 2020). De acordo com a revisdo de Konhauser et al. (2017), a siderita
geralmente ocorre como cristais de formato romboédrico ou como camadas de agregados
microcristalinos. Pequenos nodulos de siderita sdo também frequentes e exibem texturas de
compactacdo, indicativo de que esses provavelmente se formam antes de soterramento profundo
(Konhauser et al., 2017).

Existem duas hipoteses para formacdo p6s-deposicional de siderita, em que a primeira é
interligada a processos metabdlicos bacterianos de reducdo dissimulada de ferro (DIR),
associados a remineralizacdo de matéria organica (Konhauser et al., 2017). Esta hipdtese encontra
evidéncias em analises conjuntas dos ciclos biogeoquimicos de C, Fe e S, incluindo isétopos de
carbono depletados, apontando provavel participacdo bioldgica, apontados por Johnson et al.
(2008b). Por outro lado, a segunda hipdtese se refere a formacdo de siderita por reacdo de
hidroxidos de ferro de valéncia mista, como green rust (Halevy et al., 2017; Rasmussen et al.,
2021) e se baseia em resultados de experimentacdo quimica e analises petrograficas de fases
diagenéticas precoces, concentrada ao longo de superficies de deposi¢do (Rasmussen et al., 2021).

Estudos experimentais de transformacéo de fases durante metamorfismo registram uma
transformacdo de siderita em magnetita em condigfes de temperatura acima de 400°C e baixa
fugacidade de oxigénio (Rasmussen et al., 2021). Dessa forma, Rasmussen & Muhling (2018)
indicam que essa decomposicdo termal de siderita pode ser responsavel pela grande quantidade

de magnetita na FF arqueana do Grupo Hamersley (Austréalia).

3.3. Magnetizagéo

As FFs sdo registros cruciais para a compreensdo do paleoclima do Precambriano, mas
além de se constituir um arquivo geoquimico e paleoambiental, essas rochas sdo também um
arquivo paleomagnético, devido a sua mineralogia rica em ferro. Neste item, apresentam-se
alguns conceitos basicos para a compreensdo dos estudos de magnetismo de rocha (item 3.3.1)
para entdo discussdo da aquisicdo de magnetizacdo em FFs (item 3.3.2). Textos mais completos
acerca da fundamentacdo tedrica apresentados a seguir podem ser encontrados em Dunlop &
Ozdemir (1997), Butler (1992), Liu et al., (2012) e Tauxe (2018).

3.3.1. Magnetismo de rocha

A medicdo e descricdo do campo geomagnético consistem nos topicos mais antigos da

geofisica. A geracdo do campo geomagnético envolve correntes de conveccdo do nucleo externo
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liquido da Terra, composto principalmente por ferro e niquel (Butler, 1992). Esse movimento de
convecgao forma um dinamo magneto-hidrodindmico, gerando assim o0 campo geomagnético
(Merrill & McFadden, 2005). O campo magnético terrestre ndo € constante ao longo do tempo
geoldgico, e essas mudancas temporais sdo denominadas variacdes seculares, podendo ser
divididas em dois tipos, devido a sua contribuicdo periddica: variacdes no campo dipolar, com
periodos longos, ou ndo-dipolar, com periodos curtos (Butler, 1992; Tauxe, 2018).

Em decorréncia da existéncia desse campo geomagnético, a formacdo de especificas
rochas e minerais apresentam possibilidade de registro do mesmo. Esse registro do campo
geomagnético em um material € denominado magnetizacdo (M) e pode ser explicado como a

soma de momentos magnéticos (m) pelo volume (Dunlop & Ozdemir, 1997),

M=Ym/V @)

O momento magnético (m) remete a interacao de cada par de cargas magnéticas e, quando
se trata de magnetismo de rocha, seu significado remete ao registro de magnetizacdo em nivel
atdbmico, por desemparelhamento de spins dentro de um orbital (Butler, 1992; Tauxe, 2018). A
magnetizacdo de um material também esta relacionada a susceptibilidade magnética do material
(x) e sua interacdo com o campo magnético (H) (Butler, 1992),

M= « H. ©)

Simplificadamente, susceptibilidade magnética é uma medida adimensional que remete
a facilidade do objeto de ser magnetizado ou néo, dependente do material (Tauxe, 2018).

Todos os minerais apresentam propriedades magnéticas a depender da sua cristalografia
e distribuigdo de elétrons, podendo variar em valores de susceptibilidade por ordens de magnitude
(Liu et al., 2012). Pode-se categorizar os efeitos de magnetismo mineral em trés grandes grupos,
os diamagnéticos, paramagnéticos e ferromagnéticos (Dunlop & Ozdemir, 1997).

O efeito diamagnético consiste na resposta de um material na aplicagdo de um campo
magnético, relacionada a movimentacéo orbital dos elétrons. A magnetizagdo induzida é pequena
e antiparalela (oposta) ao campo magnético aplicado e, se esse é removido, a magnetizacao se
reduz a zero. E importante destacar que todos os minerais s&o diamagnéticos, mas os valores de
susceptibilidade diamagnética sdo muito baixos (Butler, 1992; Tauxe, 2018).

Materiais paramagnéticos contem 4tomos com momentos magnéticos atdbmicos, isso é
spins ndo-pareados, porém em camadas atdmicas diferentes, e se caracterizam por adquirir
magnetizacdo induzida, quando aplicado um campo magnético. A magnetizacdo, neste caso, é
paralela ao campo aplicado e, da mesma forma que o diamagnetismo, quando o campo aplicado

se reduz até zero, a magnetizacdo também segue a zero. Diferente do diamagnetismo, esses
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materiais sdo dependentes de temperatura, quanto maior temperatura, maior a dificuldade de
interacdo dos spins ndo-pareados e, portanto, menor sua susceptibilidade magnética (Tauxe,
2018).

Os solidos ferromagnéticos tém atomos com momentos magnéticos, spins ndo-pareados,
com intensa interacdo dentro da mesma camada atdmica. Essa intera¢do produz magnetizacdo que
podem ter ordens de magnitude maiores do que os paramagnéticos, sob efeito do mesmo campo
magnético induzido (Dunlop & Ozdemir, 1997). Diferentemente das substancias paramagnéticas
e diamagnéticas, cuja magnetizacdo é induzida e/ou temporaria (magnetizacdo M desaparece
guando a indug¢do magnética B é removida), as substancias ferromagnéticas possuem a habilidade
de gravar a dire¢do de um campo magnético aplicado, sendo que, quando o campo é removido, a
magnetizacdo ndo retorna a zero, mas é registrada como magnetizacdo remanente (Butler, 1992;
Tauxe, 2018).

Em funcéo do elemento de transigéo envolvido e da sua estrutura cristalina, as substancias
ferromagnéticas podem ter acoplamentos de troca distintos, paralelo (Fig. 5A), antiparalelo com
magnetizagdo resultante igual a zero (Fig. 5B) e antiparalelo com magnetizagdo resultante
diferente de zero (Fig. 5C) (Dunlop & Ozdemir, 1997).

a b c

Ferromagnetismo Antiferromagnetismo  Ferrimagnetismo

RAREER AR RRRN

e i v

Acoplamento Acoplamento Acoplamento
paralelo antiparalelo antiparalelo;
camadas com
M desigual

Fig. 5 — Tipos de acoplamentos de troca para substancias ferromagnéticas: a) ferromagnetismo;

b) antiferromagnetismo; c) ferrimagnetismo (Butler, 1992).

Dentre os minerais comumente encontrados nas FFs, descritos nos itens anteriores (itens
3.1 e 3.2; Tabela 1), os principais portadores magnéticos sdo a magnetita, com comportamento
ferrimagnético (Dunlop & Ozdemir, 1997), a hematita, antiferromagnética/ferromagnética
parasitica (Dunlop & Ozdemir, 1997), a ferridrita, com comportamento ferromagnético em
temperatura ambiente (Pannalal et al., 2005) e possivelmente a greenalita, apresentando camadas

ferromagnéticas acopladas por interacdes antiferromagnéticas (Coey et al., 1981).

Tabela 1 — Principais minerais na paragénese das FFs, se esses podem ser interpretados como

minerais precursores ou secundarios, as problematicas relacionadas as hipoteses de minerais
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precursores e suas caracteristicas de magnetizacdo mineral (diamagnética, paramagnética ou
ferromagnética). * Dunlop & Ozdemir (1997); 2 Coey et al. (1981); 3 Pannalal et al. (2005).

Fase mineral Original ou | Probleméatica — Hipdtese de | Magnetizacdo mineral
secundario? fase percursora
Ferridrita Hipotese de | Concentracdo de Si no | Em  temperatura  ambiente,
(Fes(HO)s 4H,0) fase precursora | oceano arqueano poderia | comportamento ferromagnético,
impedir  precipitagdo de | podendo ser interessante no
oxidos; estudo de diagénese precoce?
Fe-Si gel Hipotese de | Qual seria 0 mecanismo para | Informagdo ndo existente
fase precursora | formacdo de bandamentos?
Greenalita Hipétese de | Qual seria 0 mecanismo para | Camadas ferromagnéticas
fase precursora | formacdo de bandamentos? @ acopladas por interacGes
Condigbes de pH para | antiferromagnéticas?
formacéo; improbabilidade
de fase de Fe(ll) ser
precursor;
Green-rust Hipétese de | Sem evidéncias petrogra- | Informagdo ndo existente
fase precursora | ficas. Necessidade de fonte
de Fe(l11)
Hematita (Fe;03) Secundéria Tipicamente secundaria. Antiferromagnética/
Ferromagnética parasital
Magnetita (FesOs) | Secundaria Interface sedimento/agua | Ferrimagnétical
Diagenético/Metamorfico
Siderita (FeCOs) Secundéria Diagenético Paramagnéticat
Chert (SiOy) Secundaria Diagenético Diamagnéticat

Todos os minerais apresentam propriedades magnéticas e essas estdo relacionadas com a
cristalografia e a distribuicdo de elétrons, os spins pareados ou nao-pareados e acoplamento e
trocas, como j& apresentado. Além dessas, outra caracteristica imprescindivel para determinagdo
de magnetizacdo de um mineral é o tamanho de gréo.

Os comportamentos magnéticos possuem uma dependéncia intrinseca ao volume do grao
observado. Essa dependéncia pode ser explicada pela energia magnetoestatica e nos mecanismos
naturais para a diminuicio dessa energia. Segundo Dunlop & Ozdemir (1997), observando um
grdo ferromagnético uniformemente magnetizado, tem-se que a energia magnetoestatica é muito
grande para materiais com alta magnetizacdo (a energia magnetoestatica é proporcional a
magnetizacdo ao quadrado). Com isso, a estratégia das particulas magnéticas para diminuigdo de
energia consiste em rearranjos internos de magnetizacdo em dominios magnéticos, pela reducao
de superficies de carga e pela redistribuicdo dessas cargas (Dunlop & Ozdemir, 1997).

Conceitualmente, este rearranjo se refere as paredes de dominio, que consistem na regido que
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separa dois dominios dentro de um gréo e estdo relacionadas a interagdo de energia magnética e,
essencialmente, a energia de troca de atomos adjacentes (Fig. 6; Dunlop & Ozdemir, 1997). Com
isso, se configura como uma rotacdo gradual de momentos atbmicos magnéticos, em forma de
onda (Fig. 6C; Dunlop & Ozdemir, 1997).

Os grdos, a depender da granulometria, da forma e da temperatura, podem apresentar
comportamentos de single domain (SD; Fig. 6A), isso é, ser magnetizados uniformemente e ndo
possuem paredes de dominio, ou comportamento multi domain (MD, Fig. 6B), possuir resposta a
um campo magnético aplicado diferentemente, havendo reducdo de magnetizacdo resultante do
grdo em relacdo ao que seria se fosse SD, e apresentar paredes de dominio (Fig. 6C; Butler, 1992;
Tauxe, 2018).

Fig. 6 — Graos esquematicos para apresentacdo do conceito de dominios e paredes de dominios,
figura retirada de Butler (1992). a) Gréo single domain e magnetizacdo uniforme b) Grdo multi
domain com divisdo em dominios internos ¢) Configuracdo esquematica da rotacdo gradual de

momentos atdmicos magnéticos em uma parede de dominio.

Existem ainda dois outros tipos de dominio magnético: os graos pseudo single-domains
(PSD), que consiste na transi¢do entre os dominios SD e MD em que, segundo Dunlop (2002),
poderia ser uma mistura de grdos MD e grdos SD metaestaveis; e 0s graos superparamagnéticos,
que tem granulometria muito fina e exibem comportamento instavel, dominado por flutuacdes
térmicas (Butler, 1992; Tauxe, 2018).

Tendo em vista que a configuragcdo magnética em dominios é dependente da forma e do
tamanho dos gréos e da temperatura, a Fig. 7 apresenta os campos de configuracdo para magnetita
em 290°K, como exemplo desse comportamento. Segundo Dunlop & Ozdemir (1997), a
magnetita apresenta, aproximadamente, comportamento superparamagnético com gréos variando
de tamanho entre 25 e 30nm, comportamento SD entre 50 e 84nm e comportamento MD entre
300 a 400nm, por exemplo.

O registro de magnetizacdo e a facilidade de interpretacdo do magnetismo de rocha
depende do tamanho do grdo e consequentemente da configuracdo de dominio magnético do
mesmo, além de consideragdes relacionadas a anisotropia de forma e magnetocristalina (Dunlop
& Ozdemir, 1997). Grdos multi-domain (MD) apresentam maior facilidade de mudanca na

magnetizacdo remanente, por exposi¢ao por campos magnéticos ou flutuagdes térmicas, devido
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as movimentacdes das paredes de dominio, enquanto a magnetizagdo remanente nos gréos SD é

mais estavel e intensa (Austin et al., 2014).
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Fig. 7 — Granulometria e forma para configuracéo superparamagnética, SD e MD para magnetitas
em 290°K (Butler, 1992).

Portanto, para as FFs, rochas de granulometria fina, se torna necesséria a observacao do
tamanho dos grédos potenciais para o registro de magnetizacdo. O estudo magnético em FFs tem
como maior objetivo a identificacdo de uma fase primaria ou de interface sedimento-agua para
obtencdo de dados paleomagnéticos e, consequentemente, para realizagdo de reconstrucdes
paleogeograficas. Com isso, discute-se a seguir as fases minerais, primarias ou ao menos
precoces, potencialmente portadoras magnéticas, suas granulometrias e provaveis
comportamentos magnéticos.

A magnetita, principal portadora magnética das FFs, tem sua origem precoce
possivelmente associada a reacdo de Fe(ll) e ferridrita em contexto marinho arqueano (Li et al.,
2017), como ja discutido no item 3.2. Estudos experimentais de Li et al. (2017) concluiram a
formacdo de magnetitas de tamanhos single domain (SD), com formacéo inicial (em algumas
horas) de magnetitas de 15nm e, progressivamente a maior incubacédo, chegando a tamanhos de
até 200nm. Portanto, Li et al. (2017) registra que a reacao de substrato de ferridrita, com Fe(Il)aq,
em condi¢des andxicas e temperaturas em torno de 50°C, produziram magnetita de tamanho single
domain, confirmado por SAED. E com base nessa postulacdo que abordamos o trabalho
experimental neste projeto de doutorado (item 4.2).

Uma outra hipétese de formagdo de magnetita é a mineralizagdo biologicamente induzida

(BIM), a precipitacdo bioinduzida de magnetita (Abrajevitch et al., 2016). Até recentemente, era
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consenso de que a formagdo de magnetita via BIM em laboratdrio produzia grdos com didmetros
menores que 20nm, constatando um grdo de comportamento superparamagnético sem
magnetizacdo permanente (e.g., Abrajevitch et al., 2016). No entanto, as experimentacGes desses
autores indicaram formacao de gréos de magnetitas com comportamento single-domain até multi-
domain, com registro de magnetizacdo remanente, a partir de processos metabolicos de bactérias
redutoras de ferro em condicBes quimicas, de temperatura e de incubacéo especificos.

A hematita, segundo Dunlop & Ozdemir (1997), apresenta comportamento single
domain, em 20°C entre os tamanhos de grdos entre 0.03um e 15um. A grande maioria das
particulas de hematita potencialmente primarias, observadas em FFs, possuem tamanhos entre
dezenas de nanbmetros, e, portanto, comportamentos superparamagnéticos, sem registro de
magnetizagdo (Konhauser et al., 2017). Ainda, a maioria dessas hematitas apresentam alguma
evidéncia de formacao por desidratacdo de uma fase Fe(ll1)-oxihidréxido percursora (Konhauser
et al., 2017). Entretanto, ha registro de inclusbes de hematita em chert entre 2-10um nas FFs de
Dales Gorge Member (Hamersley Group, Australia; Trendall & Blockley, 1970; Konhauser et
al., 2017). Essas hematitas, nesses casos isolados, podem apresentar comportamento single-
domain e registrar magnetizacao.

A ferridrita com granulometria entre 3 a 5nm apresenta aquisicdo de magnetizacdo
remanente que sugere fraco comportamento ferromagnético em temperaturas ambientes (Pannalal
et al., 2005). Esse possivel comportamento de ferridritras nanométricas compactua com hip6tese
de mineral precursor de FFs (item 3.1; Konhauser et al., 2017) e pode assinalar potenciais linhas
de pesquisa nesse sentido. Posth et al. (2010) realizaram experimentacdes de formacgdo de
agregados minerais durante a fotossintese anoxigénica via oxidacao de Fe(ll)a, como teorizado
na hipotese de ferridrita precursora em via biotica, e indicam formagao de agregados de tamanho
<100pm compostos por ferridrita (pouco ordenada) e matéria organica.

A greenalita, preservada imersa nas bandas de chert, é identificada como particulas de
comprimento entre 100 nm e 1000 nm e de largura entre 10nm e 100nm (Rasmussen et al., 2021).
A greenalita e o green rust representam hipéteses promissoras de mineral precursor das FFs, mas
apesar disso, ndo ha informacOes especificas sobre seus comportamentos magnéticos,

compreendendo em uma lacuna de conhecimento.

3.3.2. Aguisi¢do de magnetizacdo

A magnetizacdo remanente natural (NRM) das rochas consiste no registro do campo
magnético terrestre, considerando os processos geolégicos que podem ter influenciado esse
registro, desde a formacao (primaria) até processos pds-deposicionais (Butler, 1992; Tauxe, 2018;

Roberts et al., 2013). Existem trés formas principais de uma rocha registrar um campo magnético,
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sendo elas: as magnetizagdes remanentes térmica, quimica e deposicional (Butler, 1992; Tauxe,
2018).

De forma térmica, a rocha pode adquirir magnetizacdo termo remanente (TRM),
produzida por resfriamento abaixo da temperatura de Curie/Néel, na presenca de campo
magnético. A TRM é a magnetizacao adquirida pela maioria das rochas igneas, com estabilidade
em temperaturas abaixo de 580° C, ao longo do tempo geolégico apos resfriamento (Butler, 1992;
Tauxe, 2018).

A magnetizacdo quimica remanente (CRM) consiste na magnetizacdo de minerais
ferromagnéticos formados abaixo da respectiva temperatura de bloqueio (Dunlop & Ozdemir,
1997; Till & Nowaczyk, 2018). Esses envolvem minerais ferromagnéticos precipitados de uma
solucdo ou minerais ferromagnéticos que foram formados pela alteracdo de fases precursoras
(Tilll & Nowaczyk, 2018). Essa consiste na forma de aquisi¢do de magnetizagdo mais relevante
para o estudo em FFs.

Um exemplo de processo de CRM é a oxidagdo de titanomagnetitas em baixa
temperaturas, originada a partir de alteragdo mineral6gica com temperaturas desde ambientes até
alteracdo hidrotermal. Essa oxidacéo produz maghemita por remocéo de Fe*?, gerando vacancias
na estrutura de espinélio, causando diminuicdo da magnetizacdo de saturagdo (e.g., Olivia-Urcia
& Kontny, 2011; Slotznick et al., 2018). Observa¢Ges por microscépio magnético mostram
evidencias que o processo de oxidacdo ndo s6 influencia temperatura de Curie e temperaturas de
blogueio, mas também configuracdo de dominios magnéticos (Krasa et al., 2005).

A maghemitizacdo em baixas temperaturas e a consequente aquisi¢do de magnetizagdo
quimica remanente é relevante no estudo de FFs pela associacdo desse com processos de auto
reversdo magnética, que consiste em um dos desafios na interpretagdo de dados magnéticos
(Krasa et al., 2005; Olivia-Urcia & Kontny, 2011; Roperch et al., 2012). Incialmente, esse
processo foi observado nos processos de aquisi¢do de magnetizacdo termo remanente (TRM) de
forma antiparalela ao campo magnético aplicado, resultando no questionamento quanto aos
registros de reversdes de polaridade do campo geomagnético (Butler, 1992; Tauxe, 2018). Apesar
de ter sido interpretado como um fenémeno raro, de ocorréncia em particulas de titanohematita
de composi¢des intermedidrias, entre Fe,Os; e FeTiOs, em rochas igneas (Tauxe, 2018), a
correlacdo da auto reversdo com processos de oxidagdo de baixa temperatura (Krasa et al., 2005)
representa um desafio na interpretacdo de dados magnéticos em FFs.

A magnetizacdo deposicional remanente (DRM) pode ser subdividida entre deposicional
(DRM) e pos-deposicional (PDRM; Tauxe, 1993; Zhao et al., 2016). Para aquisi¢do de DRM, é
importante considerar como as particulas magnéticas se realinham com o campo geomagnético
(Roberts et al., 2013) durante a deposi¢do na coluna d’agua, atentando-se a quimica do fluido
(viscosidade, salinidade e pH) e floculacdo de particulas magnéticas com agregados argilosos

(Fig. 8; Roberts et al., 2013). Para analise de aquisicdo de PDRM, interpretam-se processos de
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ocorréncia na zona gel, entre a coluna d’agua ¢ a camada de sedimentos consolidados, como
bioturbacao, refloculagdo e compactacdo (Fig. 8; Tauxe & Yamazaki, 2007). A compactacdo e
consequente reducdo de porosidade constitui um tema importante devido a potencial rotacao
induzida de gréos alongados para acomodacédo na superficie de deposi¢do (Tauxe & Yamazaki,
2007). Todos esses fatores podem alterar a imobilizacdo de momentos magnéticos e, portanto, o
lock-in das particulas magnéticas (Roberts et al., 2013). Esse mecanismo de magnetizacdo ainda
é pouco compreendido devido aos altos graus de complexidade e incertezas que envolvem 0s
processos deposicionais, dificultando a modelagem laboratorial e computacional (Roberts &
Winklhofer, 2004; Heslop, 2007; Zhao et al., 2016). Portanto, essas consideracBes sdo
fundamentais nos estudos magnético de rochas sedimentares e a abordagem desses fatores se torna

imprescindivel para o avango do conhecimento cientifico.””
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Fig. 8 — Desenho esquematico de particulas magnéticas (elipsoides pretos) na coluna d’agua,
desde a deposicdo, passando pela camada mista, também denominada como zona-gel, até a
compactacdo. A esquerda, apontam-se 0s processos que podem contribuir para o registro
magnético e a direita, a porcentagem de concentracdo de particulas (figura de Roberts et al., 2013,
modificado de Tauxe & Yamazaki, 2007).

Para a andlise dos mecanismos de aquisi¢cdo de magnetizacdo em rochas sedimentares,
como as FFs, deve-se atentar a génese dessas rochas, a mineralogia precursora e aos processos
pos deposicionais (Roberts, 2015). Devido & idade pré-cambriana e a mineralogia rica em ferro,
as FFs tendem a ser reativas e sensiveis ao estado redox e apresentam histdrias pos deposicionais

complexas (Konhauser et al., 2017), acarretando em processos de remagnetizagéo (e.g., Huang et
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al., 2019). Portanto, a primeira questdo a ser levantada na anélise de magnetizagdo de FFs é o
grau de alteracdo pés deposicional.

No caso das rochas sedimentares vermelhas ricas em hematita, as denominadas red beds,
destacam-se a observacdo de mineralogia magnética como auxilio na percepcdo de possivel
remagnetizacdo (e.g., Huang et al., 2020). Uma grande quantidade de hematita autigénica e
goethita em nanoescala é apontada, por Huang et al. (2020), como possivelmente relacionadas
com processos pés-deposicionais, induzido por aquecimento e/ou circulacdo de fluido
relacionado a magmatismo, acarretando uma remagnetizacao da rocha analisada. Especificamente
para o Distrito de Urucum, os manuscritos apresentados nos Capitulos 6 e 7 investigam suas as
condicBes diagenéticas e estimam temperaturas atingidas, por mineralogia de argila e indices de
Kibler.

A partir da apreciacdo do grau de alteracdo pés deposicional das rochas analisadas, uma
questdo a ser considerada é se a magnetizagdo natural remanente (NRM) equivale 8 DRM/PDRM
deposicional, a CRM priméria ou a CRM secundaria?

Todas as hipéteses de mineral precursor para as FFs convergem na génese de forma
quimica (ou bioquimica), podendo adquirir magnetizagdo quimica remanente (CRM) priméria.
No entanto, a reatividade das fases minerais e a grande variedade mineraldgica das FFs permite
atingir um alto nivel de complexidade em condicdes de diagénese precoce (e.g., Rasmussen et al.,
2021). Dessa forma, durante a diagénese, é possivel observar reacBes de oxidacdo/reducao,
biogquimicas, reducdes de sulfato, decomposicéo de matéria organica e autigénese de magnetita,
como alguns exemplos, gerando uma aquisi¢cdo de magnetizacdo remanente quimica (CRM)
secundaria (e.g., Pérez-Cruz & Urrutia-Fucugauchi, 2017). Algumas rea¢des de oxidacdo/redugao
em minerais potencialmente magnéticos comumente observadas em sedimentos ricos em ferro
sdo: a transformag&o de ferridrita em hematita (Jiang et al., 2018), a formacao de magnetita como
transformacdo de goethita e hematita (Till & Nowaczyk, 2018), além da reacdo de
maghemitizag¢do, como exemplificada previamente.

E importante ressaltar que, apesar de as FFs serem rochas essencialmente quimicas, essas
podem apresentar contribui¢do detritica, por aporte continental (Konhauser et al., 2017). Com
isso, essas rochas podem manifestar DRM/PDRM além de CRM. Portanto, estudos de
mineralogia magnética se tornam cruciais para distincdo de DRM, CRM primaria e secundaria.
Essa distingdo, entre DRM/PDRM e CRM, em red beds, consiste em um tdpico cientifico
discutido (e.g., Swanson-Hysell et al., 2019; Huang et al., 2019; Butler, 1992) e que pode ser
utilizado como base metodoldgico para o estudo de FFs. As red beds sdo essencialmente
compostas por quartzo e hematita, e essa Ultima pode ter origem detritica ou autigénica, formados
pela transformacdo de fases minerais pré-existentes (e.g., Butler, 1992; Swanson-Hysell et al.,
2019). Abordagens de multiproxy envolvendo petrografia, espectroscopia de Mdssbauer,

magnetismo de rocha experimental e desmagnetizacao termal sdo propostas por Swanson-Hysell
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et al. (2019) e Huang et al. (2019) para separagéo de geragdes de hematitas distintas em tamanho
de gréo, temperatura de desbloqueio e comportamento magnético.

Outra forma de se abordar essa distingdo de DRM/PDRM e CRM em rochas sedimentares
com uma maior variedade mineral6gica é com andlises de anisotropia magnética, ou seja, o estudo
das formas e orientaces dos principais eixos do elipsoide analisado (e.g., Kodama & Dekkers,
2004; Li et al., 2016). Kodama & Dekkers (2004) apontam diferencas nas anisotropias magnéticas
provenientes de DRM/PDRM, tipicamente plano-paralela, e proveniente de CRM, néao
necessariamente plano-paralela. Dessa forma, Kodama & Dekkers (2004) apresentam resultados
para essa questdo (DRM/PDRM ou CRM) realizando um estudo isolado da anisotropia remanente
de minerais ferrimagnéticos de baixa coercividade (magnetita) e de minerais antiferromagnéticos
de alta coercividade (hematita), utilizando magnetizagdo isotermal remanente (IRM) de alto
campo.

Além dos processos quimicos de transformacdo de fases minerais, deve-se atentar a
processos fisicos quanto ao registro de magnetizacdo em rochas sedimentares, além daqueles
apontados para a zona gel por Tauxe & Yamazaki (2007). O efeito de inclination shallowing
consiste no registro de inclinagdo magnética remanente mais rasa que 0 campo magnético em que
a rocha foi magnetizada (Li et al., 2016) e é associada com processos de compactacdo em
soterramento abaixo de certa profundidade (Li et al., 2014; Roberts, 2015). Essa questéo pode ser
abordada com base na anisotropia magnética, como apresentado acima em Kodama & Dekkers
(2004) ou por técnica de elongacédo/inclinacdo (E-I; Li et al., 2016). Ambas abordagens sdo
efetivas para identificacdo e formulacdo de parametros de corregdo, entretanto, deve-se estar
ciente dos principios e premissas relacionadas a cada uma delas para utilizagdo em rochas
sedimentares (Li et al., 2016).

Portanto, de acordo com o objetivo do projeto inicialmente proposto, isso é, o estudo de
mecanismos de aquisicdo de magnetizacdo sedimentar, é necessario conduzir uma andlise desde
a génese da rocha, considerando todos as contribui¢cbes quimicas, fisicas e bioldgicas, até
transformacdes pds-deposicionais, como percolagdo de fluidos, diagénese, hidrotermalismo e
metamorfismo. Dessa forma, somente apds andlise geoldgica de caracterizacdo quimica e mineral,

deposicional e pés-deposicional, é possivel discutir e interpretar as analises magnéticas.
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4. METODOS

Apresenta-se aqui uma sintese das metodologias utilizadas nos artigos dos capitulos 6, 7

e 8 e para obtencdo de resultados preliminares da experimentacéo laboratorial do capitulo 5.

4.1.Petrografia

A caracterizagdo petrogréafica, em secdo delgada, consistiu em descricdes mineralogicas
e texturais descritas em luz transmitida e refletida usando um microscépio petrogréafico ZEISS no
Laboratoério de Difragdo de Raios-X da UnB (LARIX/UnB). Todas as se¢es delgadas foram
preparadas no Instituto de Geociéncias da UNB e aponta-se a utilizacdo de analises petrogréficas
nos artigos apresentados dos Capitulos 6 e 7.

4.2. Caracterizacdo mineralogica e avaliagdo diagenética (DRX)

Para analise qualitativa mineraldgica foram utilizadas técnicas de Difracdo de Raios-X
(DRX), em um difratbmetro RIGAKU Ultima IV equipado com radiacdo CuKa, filtro de Ni, a 35
kV e 15 mA, com varredura de 5%min. As fases minerais foram identificadas usando o Jade XRD
9.0 (Materials Data) com o PC-PDF (Powder Diffraction File - PDF para PC - ICDD). Todos
esses procedimentos foram realizados no LARIX/UnB. A caracterizagdo mineralogica por DRX
foi utilizada tanto nos resultados preliminares da experimentacdo laboratorial do capitugo 5
quanto nos artigos apresentados nos capitulos 6 e 7.

O indice de Kibler (KI) é uma medida da largura total em alta média (full weight at high
medium; FWHM), do pico basal d(00l) em torno de 10A de ilita (Kibler, 1964). Através desse
indice, € possivel indicar o estagio diagenético ao qual as rochas foram submetidas. Para isso,
utilizam-se resultados do DRX para fragfes argilosas analisadas com uma velocidade reduzida de
0,5%min na faixa entre 7 a 12 °20. Em seguida, realizamos uma decomposigdo do pico ~10A
usando o software DecompXR, selecionando a contribuicéo diagenética para medida do KI. Essa

mesma analise foi utilizada nos artigos apresentados dos capitulos 6 e 7.

4.3. Caracterizagdo cristalogréafica (EBSD)

A caracterizacdo cristalografica, textural e orientagdo, foi abordada por meio da técnica
de difracdo de elétrons retro-espalhados (EBSD). Esta foi realizada em uma secéo delgada ap6s
polimento ultrafino, obtidos nas facilidades do Instituto de Geociéncias da UnB. A analise foi

realizada no Instituto LACTED, na Universidade Federal do Parana (UFPR). O microscépio
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eletronico de varredura utilizado foi o TESCAN MIRA3 FEG e os dados foram processados no
software HKL CHANNEL 5, pelas plataformas TANGO e MAMBO. Essa anélise foi realizada

em colaboracdo com o Prof. Leonardo Evangelista Lagoeiro (UFPR).

4.4. Is6topos de ferro

As analises isotopicas de ferro foram realizadas no Laboratorio de Geocronologia da
UnB. A metodologia aplicada envolveu pulverizacdo das amostras para posterior separagdo em
aliquotas de 50mg. Procedeu-se com a dissolugdo quimica das mesmas, inicialmente por ataque
de &cido acético, para eliminacéo de carbonatos e subsequente centrifuga e evaporacdo. A seguir,
seguiu-se a dissolucéo com &cidos fluoridrico, nitrico e cloridrico. Apos a digestdo das amostras,
seguiu-se com a fase de purificagdo do ferro por cromatografia idnica cléssica. As amostras
previamente digeridas foram pipetadas e transferidas para as colunas com resina, e em seguida
dessa passagem, passou-se para evaporacdo e adicdo de &cido cloridrico e andlise pelo
espectrébmetro de massa com plasma acoplado indutivamente Thermo-Finnigan Neptune. Entre

cada analise, o material de referéncia internacional de isétopos de ferro (IRMM-14) foi analisado.

4.5. Caracterizacdo magnética

MedicGes de magnetizacdo a baixa temperatura foram realizadas para fins de
reconhecimento de fases de transicdo entre diferentes fracfes magnéticas. Essas foram métodos
de andlises em dois resultados distintos apresentados na tese, no capitulo 6 e nos resultados
preliminares da experimentacdo laboratorial do capitulo 5. No primeiro, duas configuracfes de
medidas, Field-Cooling (FC) e Zero-Field Cooling (ZFC), foram executadas, em um Sistema de
Medicdo de Propriedades Magnéticas XL (Quantum Design) no Instituto de Fisica da UnB, em
colaboragdo com o Prof. José Antonio Huamani Coaquira (IF/UnB). Essas medidas seguiram os
procedimentos descritos por Callefo et al. (2019). Primeiramente, as amostras foram resfriadas a
10 K tanto em campo zero quanto em 5 T, respectivamente. Quando as amostras atingiram 10 K,
um campo de 5 T foi aplicado e depois desligado para importar um RTSIRM e o MPMS foi
reiniciado. As curvas FC/ZFC foram medidas durante o aguecimento em campo zero no modo de
varredura a 5 K/min.

Nos resultados preliminares do capitulo 5, essas medidas de magnetizacdo a baixa
temperatura (FC/CZFC) foram executadas em um magnetémetro SQUID S700X-R (Cryogenic),
do Laboratorio de Fluidos Complexos do Instituto de Fisica da UnB, também com configuracdes
similares as descritas por Callefo et al. (2019). Ainda, foram realizadas medidas de curva de

histerese, ou seja, curvas de magnetizacdo induzida em campo induzido, para obter a contribuicao
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das particulas magnéticas presentes na amostra. Essas anélises foram realizadas em cooperagdo

com o prof. Jérébme Depeyrot (IF/UnB) e seu grupo de pesquisa.

4.6. Aquisicao de dados de susceptibilidade magnética e Fluorescéncia de Raios-X

O procedimento de medicdo de susceptibilidade magnética in situ e ndo destrutivo é
rapido e de baixo custo e foi utilizada uma Sonda Portatil Multi-Parameter, Model MPP-EM2S+
(GDD Instrumentation, Canada), do IG/UnB, em um testemunho de sondagem da mineragdo
VETRIA. Esses dados foram utilizados como proxy cicloestratigrafico no artigo do capitulo 8,
cujo espacamento entre as medidas na se¢do escolhida foi a cada 3 cm, evitando fraturas e veios.

Foram realizadas também medidas de fluorescéncia de raios-X in situ e ndo-destrutivo
utilizando um espectrémetro portatil de fluorescéncia de raios-X (XRF) (X Olympus DELTA -
Innov-X Systems), no mesmo testemunho de sondagem e apresentadas no mesmo artigo. Esses
dados foram aplciados como ferramenta para estudo paleoambiental, por observacéo de variages
geoquimicas. O feixe de raios-X cobre um comprimento de cerca de 2 cm na sonda e realizamos
as andlises a cada 6 cm na secédo entre 202,80 e 225,0 m e a cada 40 cm entre 225,0 e 238,0 m.

Analisamos cada amostra 5 vezes em dois feixes (15 segundos para cada um).

4.7. Anélise cicloestratigrafica

O conjunto de dados de susceptibilidade magnética (cuja forma de aquisi¢ao foi apontada
na secdo anterior) foi, inicialmente, transformado em log (para harmonizar as flutuacGes
espectrais), interpolado linearmente, amostrado uniformemente a cada 3 cm e, em seguida,
retirada a tendéncia linear (linear detrended). Dessa forma, procedeu-se com a analise
cicloestratigrafica, conduzida usando o software Acycle, versdo 2.4.1; Li et al., 2019. O conjunto
de dados de susceptibilidade magnética pré-branqueado foi submetido a uma andlise espectral por
meio de um estimador espectral de multi-taper spectral estimator (MTM; Thomson, 1982) em
relacdo a um modelo nulo de ruido vermelho autoregressivo de primeira ordem robusto, com
niveis de confianga médios, de 90%, 95%, 99% e 99,9%.

Com o objetivo de avaliar possiveis transiéncias e/ou persisténcias ligadas a frequéncias
espectrais especificas registradas ao longo dos dados de susceptibilidade magnética, bem como
identificar possiveis flutuaces preliminares na taxa de acumulagdo sedimentar (SAR),
analisamos o espectro evolutivo usando o método de Transformada Rapida de Fourier Evolutiva
(eFFT; Weedon, 2003), com uma janela de execucdo de 700 cm e passo de 6 cm. Essa analise foi
realizada em cooperacéo com o Prof. Daniel Ribeiro Franco (Observatorio Nacional/MCT]I) e seu
grupo de pesquisa do Laboratério de de Paleomagnetismo, Cicloestratigrafia e Mineralogia
Magnética (LPC2M/ON).
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5. EXPERIMENTACOES LABORATORIAIS DE DEPOSICAO E MAGNETIZACAO

Um dos objetivos do projeto de doutorado foi realizar modelos sintéticos de precipitagdo
e magnetizacdo por meio de experimentacdo laboratorial. Foram propostas duas experimentacoes
laboratoriais, um sistema fisico-geoguimico de deposicdo de formacéo ferrifera e uma simulagéo
de formacgdo de magnetita em contexto de oceano arqueano. Através desses experimentos,
pretendeu-se analisar mecanismos de aquisicdo de magnetizacdo em formacgbes ferriferas,
especificamente o registro do lock-in magnético, em contexto de interface sedimento-agua do
oceano arqueano, com mudancas de dire¢cdo de campo magnético induzido, além de abordar a

contribuicdo biogénica, ou auséncia da mesma, nos mecanismos de precipitacéo de ferro e silica.

5.1. Sistema fisico-geoquimico de deposic¢do de formagdo ferrifera

A experimentacdo inicialmente proposta consiste em um sistema fisico-geoquimico de
deposicdo de FFs, com base nas simula¢des experimentais de Zhu et al. (2014) Essa simulacéo é
dividida em duas partes, a primeira consiste em uma simulagéo de lixiviacdo/intemperismo de
rocha basaltica em ambiente rico em CO; e a segunda parte se refere a precipitacdo da solucéo
obtida em forma de camadas alternadas de ferro e silica, simulando condigdes oceé&nicas com
oscilacdo de temperatura entre 5°C e 30°C.

A primeira etapa da experimentacdo de Zhu et al. (2014) se baseia no desenvolvimento
do cenério de lixiviagdo de basalto em ciclo de vapor-agua com controle de pH realizado pela
entrada regulada de CO; no sistema (Fig. 9A). O aparato utilizado para simular esse ciclo de
lixiviagdo é composto por um sistema aberto de vidraria e um elemento aquecedor (Fig. 9A).
Segundo Zhu et al. (2014), esse processo tem duracdo aproximada de trés meses e apresenta,
como produto final, uma solucdo de basalto lixiviado.

Para a melhor realizacdo dessa etapa, foram propostas modifica¢fes no aparato de Zhu et
al. (2014), ilustrado na Fig. 9B. A vidraria modificada, juntamente com a manta aquecedora para
baldes volumétricos, se encontra disponivel no LEMAG/UnB (Laboratério de Estudos
Magnéticos), coordenado pelo Prof. Elder Yokoyama. Esta vidraria € composta, em sua base, por
um baldo volumétrico de fundo redondo (1000ml), que sera posicionado sobre uma manta
aquecedora para balGes. Dentro deste baldo volumétrico, sera adicionado agua destilada para
fervura na manta aquecedora, compondo o ciclo de evaporagdo-condensacdo do sistema.
Posicionada acima do baldo volumétrico, foi confeccionada uma coluna de vidro especial, de
didmetro 45mm e comprimento total 25 cm, com uma placa sinterizada porosa G2. Acima dessa

coluna, € posicionado um condensador Allihn, como ilustrado na Fig. 9B.
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Fig. 9 — Aparato do experimento A. Esquema ilustrativo de Zhu et al. (2014) para o sistema de

intemperismo-lixiviagdo. B. Vidraria modificada para realizacdo da experimentag&o. O retangulo
vermelho indica o local da placa porosa G2, aonde, acima dessa, serd colocada a amostra a ser

processada.

A segunda parte da experimentagdo de Zhu et al. (2014) se refere a precipitacéo de bandas
de silica e ferro a partir da solucio adquirida na primeira etapa. E importante destacar que a
deposicédo, na experimentacdo de Zhu et al. (2014), é controlada por variacGes de temperatura e
pH, baseado nos estudos de Posth et al. (2008). De acordo com esses autores, 0 mecanismo para
alternancia de bandas ricas em silica e em ferro das FFs estdo interligadas as flutuacdes naturais
de temperatura do oceano primitivo. Ainda, Posth et al. (2008) aponta que o metabolismo de
microbios oxidantes de ferro também esta relacionado a essas variagfes termais, cuja maxima
taxa de formacdo de Fe(lll) se apresenta entre 20 a 25°C. Apesar desta referéncia e de outros
experimentos apontando a contribuicdo biol6gica para génese das formacdes ferriferas (e.g.,
Schad et al., 2019), o modelo de Zhu et al. (2014) ndo envolve vias bi6ticas.

O aparato de Zhu et al. (2014) para a segunda etapa da experimentacdo consiste em um
sistema de gotejamento da solucéo obtida pela primeira etapa, em um tubo de ensaio de dimensfes

de 1m x 2cm (Fig. 10A). Esse tubo possui um elemento aquecedor em forma de anel posicionado
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a 10 cm acima do nivel de &gua. H4, ainda, monitoramento de pH e, quando necessério para
correcdo, adiciona-se NaOH diluido e um elemento agitador. Dessa forma, planejou-se a
realizacdo da precipitacdo das bandas alternadas dentro de uma geladeira modificada, para
controle de temperatura (5°C a 30°C). A precipitacdo serd executada em tubo de acrilico de 50mL
e 0 gotejamento da solucdo de basalto lixiviado seré efetivado por uma bureta graduada com
torneira de vidro (100ml), todos esses itens ja adquiridos. Quanto ao sistema aquecedor,
idealizamos a realizacdo da precipitacdo em banho maria, com controle de temperatura constante.
As modificacdes da geladeira incluem a fixacdo de uma gaiola de Helmholtz na sua parte interna,
para controle de campo magnético. Este campo magnético sintético contard com alternancia
controlada sistematicamente para posterior analise do mecanismo de aquisicdo magnética e

determinagdo do lock-in magnético.
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Fig. 10 — Aparato de deposi¢do de bandas alternadas de Oxido de ferro e silica. A. Esquema
ilustrativo do experimento de Zhu et al. (2014). B. Esquema ilustrativo do processo de deposicéo

deste projeto.

Este trabalho laboratorial foi planejado e foram realizadas quase todas as devidas
aquisicdes para ambas partes do experimento (manta aquecedora, tubos e buretas), além de
modificagdes de vidraria e compra de gases para seus procedimentos. Todo o material adquirido
se encontra disponivel no LEMAG/UnB. Entretanto, devido ao longo tempo de experimentacao
(> 6 meses de forma continua) e a ocorréncia da pandemia de COVID-19, ndo foi possivel

executa-lo ao longo do prazo do doutorado.
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5.2. Simulagéo de formagdo de magnetita em contexto de oceano arqueano

Li et al. (2017) realizou testes experimentais para formacdo precoce de magnetita no
contexto arqueano (item 3.2), seguindo a hip6tese de reagdo entre um composto aquoso simulado
de &gua do mar quente (~50°C) e rico em Fe(ll)aq € um Fe(ll1)-oxihidroxido precursor, como a
ferridrita. Esses experimentos foram realizados em tubos selados, previamente borbulhados com
N2 100% por 20 min & temperatura ambiente para remover O; e certificar condi¢Ges anaerdbicas.
A temperatura média da experimentacéo é de 50°C e pH entre 7.5 e 9. Como produto final da
reacdo ferridrita + Fe(ll)aq, tem-se a magnetita via fase intermediaria de green rust. Interessante
ressaltar, como previamente explanado nos itens 3.2 e 3.3, que essa experimentagdo tem como
resultado, em alguns dias, a formagéo de magnetitas de tamanho entre 15nm e 200nm, a depender
do tempo de incubacdo. Dessa forma, ha producéo de magnetitas de tamanho single domain, cuja
magnetizagdo pode ser registrada e analisada.

Essa experimentacdo foi realizada em fevereiro/2022 no Laboratério de Geoquimica e
Agua da UnB (LAGEQ/UNB). Inicialmente, foram sintetizados dois tipos de ferridritas: 2-line
ferrihydrite (Fhy-2L) e 6-line ferrihydrite (Fhy-6L), segundo as metodologias de Schwertmann
& Cornell (2000), neutralizando 0.2 M de solucdo de cloreto férrico com 1 M NaOH em um pH
em torno de 7.5 (Fig. 11). Essas sinteses foram analisadas por difragdo de raios-X (DRX) no
LDRX/UnB para confirmagdo da auséncia de planos cristalinos provenientes de cristalizacdes
indesejadas. Utilizou-se um difratdbmetro RIGAKU Ultima IV, com tubo de Cu e filtro de Ni em

35kV e 15 mA, com velocidade de varredura de 5°/min, passo de 0,05° no intervalo 26 de 2° a
80°.

Fig. 11 — Registros da sintese de ferridrita (Fhy-2L) sintetizada de acordo com a metodologia de
Schwertmann & Cornell (2000).
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Obtivemos resultados condizentes com a sintese de ferridrita 2L, com dois picos muito
largos, um claramente observavel em torno de 30° 26 e outro mais incipiente em torno de 60° 20
(Fig. 12; Schwertmann & Cornell, 2000). Para a sintese da ferridrita 6L, 0s resultados de DRX
foram menos claros, mas ainda com bons indicativos, com pico em torno de 35° 26 e outros mais

incipientes em torno de 62-64° 26 (Fig. 12; Schwertmann & Cornell, 2000).
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Fig. 12 — Resultado da anlise de difracdo de raios-X das ferridritas 2L e 6L sintetizadas.

Apos a sintese de ferridrita, foi dado seguimento a experimentacdo de acordo com a
metodologia apresentada por Li et al. (2017). Elaborou-se uma mistura de 10mg de ferridrita
sintetizada com 10mL de 0.05 M HEPES (2-[4-(2-hydroxyethyl)-1-piperazine]ethanesulfonic
acid), individualmente em potes de vidro (com fechamento hermético), verificando o pH para
estabilizacdo entre 7.5 a 8. Foram organizados potes para retirada individual apés periodos pré-
determinados, sendo esses: 30 min, 1h30min, 24h, 48h, 72h, 96h e 120h.

Ap0s essa mistura, os tubos, ainda abertos, foram levados a gloove box (Fig. 13). Com a
gloove box devidamente fechada, foi realizada o vacuo interno e liberacéo de fluxo incipiente de
N2. Em seguida, um fluxo de N foi borbulhado por 20 min em cada pote contendo a mistura, para
certificacdo de remogdo de O, e, novo vacuo da gloove box foi estabelecido com subsequente
instalacdo de fluxo de N.. JA& com a atmosfera controlada internamente a gloove box, foi
adicionado 1mL de Sal de Mohr (sulfato aménico de Fell), seguido pelo fechamento dos tubos
hermeticamente (Fig. 14) e disposi¢cdo dos mesmos em sistema de banho maria, com chapa

aquecedora e temperatura controlada em torno de 50°C (intervalo entre 45 e 55°C; Fig. 15).

44



Fig. 13 — Gloove box utilizada para realizagdo do experimento, com controle de atmosfera
(cilindro de N2), nas dependéncias do LAGEQ/UnB.

Fig. 14 — Potes de vidro hermeticamente fechados contendo mistura de ferridrita sintética com
HEPES e sulfato amonico de ferro (11).

Fig. 15 - Potes de vidro hermeticamente fechados contendo a mistura, em banho maria, dentro da
gloove box, com temperatura controlada em torno de 50°C (note visor do termémetro em 53.6°C).

Essa experimentacdo foi continua durante 5 dias e aliquotas foram retiradas de acordo
com os horarios de 30 min, 1h30min, 24h, 48h, 72h, 96h e 120h. Ressalta-se que foram preparados
potes individuais para todos esses horarios para ferridritas 2L, enquanto para ferridritas 6L, foram
preparados potes somente para os horarios de 1h30min, 96h e 120h. Essas aliquotas foram
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separadas ainda dentro da gloovebox, para evitar contaminacdo de O, a partir da abertura dos
potes (especificos para cada hora de amostragem) e por pipetagem do liquido para transferéncia
para tubos do tipo Eppendorf (Fig. 16). Essas aliquotas foram, em seguida, colocadas no
congelador, para certificagdo de inibicdo de reagdes. Apds cada retirada, foi realizado

sistematicamente o vacuo da gloovebox seguido pela instauracdo do fluxo de Na.

Fig. 16 — Aliguotas retiradas no inicio do experimento (ferridrita 2L: 30min, 1h30min e 24h).

Desde a primeira amostragem, para 30min de experimentacédo utilizando a ferridrita 2L,
pdde-se observar a presenca de magnetita em pequenas quantidades, por aproximacao de ima.
Essa presenca de material magnético (observavel visualmente) foi aumentando gradualmente com
0 tempo de experimentacdo. Para ferridritas 6L, ndo observamos magnetismo na aliquota de
1h30min, no entanto, notamos presenca de material magnético a partir da aliquota de 96h.

Essa experimentacdo teve como objetivo a analise das fases minerais geradas nessa
simulacdo, por coleta em tempos pré-definidos ao longo dos 5 dias de experimento. As fases e
reacOes esperadas para analise sdo: 1) Reacdo ferridrita + Fe (1) -> green rust (sal); 2) Dissolucao
de green rust e formacdo de magnetita e 3) Evolucéo da magnetita para tamanhos single domain.
As andlises programadas foram: Microscopia eletronica de transmissdo (TEM) acoplado com as
técnicas espectroscopicas de dispersdo de energia caracteristica de raios —X (EDS) e analises
magnéticas para identificacdo de comportamento magnético das fases minerais (histerese e
FC/ZFC).

Apesar do experimento ter ocorrido com sucesso, com observacdo da formacdo de
material magnético visivel e comportamental, por im&, conforme o esperado, tivemos um
problema quanto ao armazenamento (congelamento) das aliquotas amostradas. Equivocadamente,
as aliquotas foram retiradas da condi¢do de congelamento e realocadas em refrigeracdo com mais
altas temperaturas e, portanto, perdeu-se a certificacdo de inibicao de reagdo de todas as aliquotas
separadas para realizacdo das analises TEM e de maioria das aliquotas separadas para analises
magnéticas. Portanto, ha necessidade de refazer o experimento para certificar a qualidade dos

resultados obtidos.
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Entretanto, obtivemos alguns resultados preliminares de analises magnéticas. Realizamos
medidas de curva de histerese (curvas de magnetizacdo induzida em campo induzido) para obter
a contribuicdo das particulas magnéticas presentes na amostra. Mais, realizamos também medidas
de magnetizacdo de baixa temperatura, para reconhecer transi¢cfes de fases entre as fracGes
magnéticas, especificamente esperavamos observar a transicdo de Verwey da magnetita (~122K;
Dunlop & Ozdemir, 1997). Essas medidas foram realizadas em duas configuragfes distintas:
Field-Cooling (FC) e Zero-Field Cooling (ZFC) em magnetdmetro SQUID S700X-R (Cryogenic)
do Laboratorio de Fluidos Complexos do Instituto de Fisica da Universidade de Brasilia.

Pelas curvas de histerese, nas aliquotas de 120h (Fig. 17A) e 96h (Fig. 17B) de precursor
ferridrita-2L, observamos um comportamento de alta coercividade, onde a energia magnética total
é balanceada pela energia térmica (e.g., Tauxe, 2018; Liu et al., 2012).

As andlises ZFC/FC das aliquotas de 96h (Fig. 18A), 120h (Fig. 18B), do precursor
ferridrita-2L, e aliquota de 120h (Fig. 18C), do precursor ferridrita-6L, ndo apresentam a transi¢do
de Verwey em torno de 120 K, como esperado. Realizando as derivadas (curvas a direita, da Fig.
18), indicamos uma perturbacdo incipiente do sinal em torno de 20-25K Dessa forma, pelas
analises preliminares, sugerimos o sucesso na formacdo de magnetita, entretanto de tamanho
menor do que o esperado, confirmado pela auséncia de transicdo de Verwey. Portanto, além da
problematica de armazenamento das aliquotas, acreditamos que o tempo de experimentacao ainda
ndo foi suficiente para gerar magnetitas de tamanho single-domain e, dessa forma, apontamos um

aumento no tempo de experimentagdo para proximas realiza¢cbes do mesmo.
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Fig. 17 — Curvas de histerese. A) Aliquota de 96h; B) Aliquota de 120h. Ambas realizadas com

0 precursor de ferridrita 2L.
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Fig. 18 — ZFC/FC (esquerda) e derivada da FC (direita): A) aliquota 96h Ferridrita 2L; B)
aliquota 120h Ferridrita 2L; C) aliquota 120h Ferridrita 6L
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6. THE BANDA ALTA IRON FORMATION (URUCUM DISTRICT, BRAZIL): INSIGHTS
ON THE BIOLOGICAL CONTRIBUTION IN THE METAL FERTILIZATION

Este € o primeiro artigo resultante do projeto de doutorado e foi submetido em 08/05/2021
para o periddico PRECAMBRIAN RESEARCH. Abordamos as condi¢cGes de deposicdo e
diagénese das formacdes ferriferas do Distrito de Urucum (Corumbd, Mato Grosso do Sul, Brasil)
utilizando analises de isétopos de ferro, anélises magnéticas, petrografia e mineralogia de argila.
Contudo, o artigo foi recusado devido a publicacdo de outro artigo referente & mesma area de
estudo e com andlises e discussBes semelhantes, dias depois da submissao do anterior (referéncia:
Huang et al., 2021; Available online 14/05/21; https://doi.org/10.1016/j.chemer.2021.125771).

RESUMO: O ciclo biogeoquimico do ferro estad intrinsecamente ligado as transformacdes
ocorridas na atmosfera, hidrosfera e biosfera ao longo da histéria da Terra, refletindo na génese
de formagdes ferriferas. A relagéo entre o ciclo do ferro e a biosfera tem sido investigada por meio
de is6topos de ferro e seus processos de fracionamento, cujos valores negativos apontam uma
contribuigdo dos processos biologicos na formagédo dessas rochas. Neste trabalho, abordamos a
origem do ferro nas formacoes ferriferas neoproterozoicas do Distrito de Urucum (Corumba, MS,
Brasil) utilizando uma abordagem multidisciplinar, combinando isétopos de ferro, petrografia,
mineralogia de argila e magnetismo de rocha. Investigamos a diagénese de facies siliciclasticas
intercaladas as formacdes ferriferas, através de paragénese de argilominerais e indices de Kibler.
Dessa forma, observamos evidéncias de baixo grau metamorfico, correspondendo a estagios de
diagénese a epizona (200 a ~300°C), confirmado pela auséncia de texturas metamorficas em
petrografia. Avaliamos os valores negativos de 3°'Fe encontrados nessas rochas, comparando-o0s
com um conjunto de dados compilados de analises isotpicas de ferro em outras formacdes
ferriferas ao longo do Precambriano. Os resultados revelaram uma anomalia negativa
estatisticamente significativa, que suscita discussdes acerca do modelo deposicional dessas
rochas. Observamos também a auséncia de uma tendéncia sistematica dos isétopos de ferro ao
longo da estratigrafia, possivelmente indicando condi¢fes de bacia restrita. As anomalias
isotopicas sugerem um fracionamento bioldgico, seja por disponibilidade de ferro em sua forma
reduzida, por processos metabdlicos, ou por precipitacdo biogénica de magnetita. Investigamos
evidéncias do processo de bio-precipitacdo de magnetita por meio das medidas de magnetizag&o,
no entanto, ndo obtivemos resultados conclusivos. Dessa forma, propomos um modelo de dupla
fonte de ferro, envolvendo a contribuicdo de Fe (II) tanto por hidrotermalismo quanto por vias
bioldgicas, pelo processo de reducéo dissimilatoria de ferro (DIR). Essa combinacao resulta na
disponibilidade de Fe (1) na bacia por meio da reducgdo bacteriana do Fe (l11) proveniente de

runoff continental, este Ultimo previamente sugerido por dados de eNd. PALAVRAS-CHAVE:

formacdes ferriferas, DIR, is6topos de ferro, Neoproterozdico, diagénese.
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HIGHLIGHTS:

= Os valores isotépicos de ferro da formacdo ferrifera da Formacdo Banda Alta
representam uma anomalia negativa estatisticamente comprovada;

= Indicamos um grau metamdrfico (muito) baixo, de diagénese a epizona, submetido
as sessoes analisadas;

= A falta de tendéncia estratigréafica das anélises isotopicas de ferro argumenta a favor
de condicdes locais de bacia restrita;

= Os valores isotopicos anémalos do ferro apontam para a interpretacdo de um
fracionamento isotdpico via contribuicéo bacteriana;

» Proposi¢do de um modelo de fonte de ferro dupla: hidrotermal e via bidlogica pelo
processo de reducgdo dissimilatoria de ferro (DIR).

THE BANDA ALTA IRON FORMATION (URUCUM DISTRICT, BRAZIL): INSIGHTS ON
THE BIOLOGICAL CONTRIBUTION IN THE METAL FERTILIZATION
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ABSTRACT The iron biogeochemical cycle is connected to major variations in the atmosphere,
the hydrosphere and the biosphere over the Earth’s evolution. Two major disturbances in the
atmosphere during the Precambrian are associated to increases in O, concentrations (NOE and
GOE), linked also to paleogeographic, paleoenvironmental and biochemical changes, reflecting
into the precipitation of iron formations. The correlation between the iron cycle and the biosphere
can be investigated through iron isotopes and its fractionation processes, which highlight the
biological enrolment in the iron formation’s genesis. In this paper, we address a major question
of Precambrian iron formation studies, the iron source, through a multiproxy approach combining
Fe isotopes, petrography, clay mineralogy and rock magnetism in the Neoproterozoic glacially-
related iron formation of the Banda Alta Formation (Urucum district, W Brazil). We performed a
diagenetic investigation, using clay mineral paragenesis and Kubler Indexes, within the
siliciclastic facies interbedded with the iron formations, to dismiss metamorphic alteration in
isotopic data and to validate primary geochemical analyses and possibly magnetic signals,

enabling future paleomagnetic studies. This investigation indicated a (very-) low metamorphic
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stage, from diagenesis to epizone, ranging temperatures from 200 to ~300°C, which are
corroborated with the absence of metamorphic textures. We evaluated the negative §°'Fe bulk
values found in the Banda Alta IF using statistic tests for anomaly behaviour in relation to a
compiled dataset of bulk Fe isotopic analyses in IF samples. The results pointed to a statistically-
proved negative anomaly in the Banda Alta IF thus reflecting a complex discussion around the
depositional model. One observed aspect was the lack of systematic trend of Fe isotopes through
the stratigraphy, possibly indicating local restricted basin conditions. The anomalous Fe isotopes
point towards biological isotopic fractionation and lead to the attempt to recognize bio-induced
magnetite precipitation through magnetization measurements, but this was not observed.
Therefore, to interpret the isotopic anomaly, we propose a dual-iron source model, hydrothermal
and biologically-recycled Fe (I1) through dissimilatory iron reduction (DIR) process, resulting in
the availability of Fe (I1) in the basin through the bacteria-mediated iron reduction of continental
Fe (111) input, supported by previously published eNd data. KEYWORDS: BIF, DIR, Fe isotope,
Neoproterozoic, diagenesis

INTRODUCTION

The iron cycle and its redox-sensitive characteristic can be linked to major paleoclimatic
changes over the Earth’s history, imposed by variations of the atmosphere, the hydrosphere and,
in particular, the biosphere (Beard et al., 2003a; Holland, 2006; Johnson et al., 2008a; Bekker et
al., 2010; Taylor & Konhauser, 2011; Raiswell & Canfield, 2012; Tahata et al., 2015; Konhauser
et al., 2017). Regarding these climatic disturbances, the iron cycle reacts by depositing
paleoclimatic archives as Fe-rich deposits (Kirschvink et al., 2000; Bekker et al., 2010;
Konhauser et al., 2017). Over the Precambrian, there were two intensive increases in the
atmospheric oxygen concentrations associated with climate changes, the Great Oxidation Event
(GOE; Holland, 2002), and the Neoproterozoic Oxidation Event (NOE; Shields-Zhou & Och,
2011). Both events are related to paleogeographic, paleoenvironmental and biochemical changes,
linked also to global glaciations and to the deposition of Fe-rich deposits, the iron formations (Fig.
1; Knoll, 2003; Campbell & Allen, 2008; Walde et al., 2015; Kunzmann et al., 2017).

The Great Oxidation Event (GOE), around 2.4 Ga represents the first significant oxygen
record on Earth (Bekker et al., 2004). Its energetic geotectonic scenario is the formation of the
supercontinent Lauroscandia, in paleogeographically low latitudes (Gumsley et al., 2017), the
occurrence of the Huronian glaciation (Kopp et al., 2005; Och & Shields-Zhou, 2012), and
indicative of a large igneous province (Young, 2019). This atmospheric event directly reflected
to the ocean, which changed the redox state from a ferruginous deeper ocean to a more euxinic
composition (Fig. 1; Harada et al., 2015; Camacho et al., 2017). During this time interval,

extensive iron formations were deposited (Fig. 1; Konhauser et al., 2017). The 1.8 Gato 0.8 Ga
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time interval is classified as “the boring billion” (Holland, 2006; Roberts, 2013) due to its relative
climatic stability and the diminished iron formation deposition (Fig. 1; Camacho et al., 2017;
Konhauser et al., 2017). Despite this stability, there were major tectonic activities through this
period (Young, 2019) with the formation of Columbia supercontinent and, later, the Rodinia
(Roberts, 2013).
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Fig. 1 — Evolution of the atmosphere, the ocean and iron formation deposition through the Earth’s
history (modified by Olson & Straub (2016), Camacho et al. (2017) and Konhauser et al. (2017)).
This image’s top, “ATMOSPHERE”, comprises the evolution of the atmosphere composition (O,
blue line) highlighting major paleoclimatic events and biological innovations. In the middle,
“OCEAN?”, the ocean’s deep redox condition is presented in a tinted bar along with five schematic
depth distribution of Fe (1), H2S and O in the water column, both are linked to the time axis. In
the bottom of this image, “IRON FORMATIONS”, the histogram represents the iron formation

deposition through the Precambrian, in giga tonnes.

The Neoproterozoic Oxidation Event (between 0.8 to 0.541 Ga; Canfield et al., 2008),
like the GOE, represent a significant rise in the O, concentrations. This event is associated to the
breakup of the Rodinia supercontinent (Li et al., 2013) and consequent changes in the CO;
consumption and release in the atmosphere. In this context, along with additional factors such as
the solar radiation and mantellic temperatures (Young, 2019), the Neoproterozoic Era was the
stage of three major glaciation events: the Sturtian (~740-647 Ma) and Marinoan (~660-635 Ma),
both in the Cryogenian, and Gaskiers (~580 Ma), during the Ediacaran Period (Fairchild &
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Kennedy, 2007; Halverson, 2006). There is an ongoing discussion regarding the mechanisms for
these glacial events, which lead to four hypothesis: the Snowball Earth, comprising a global
glaciation (Hoffman et al., 1998; Kirschvink et al., 2000); the Slushball, a near global glaciation
(Hyde et al., 2000); the Zipper-rift as a restricted tectonically-induced glaciation (Eyles &
Januszczak, 2004); and the High Obliquity explaining the low latitudes of glacial data in
paleomagnetic analyses by high orbital obliquity (> 54°; Williams et al., 1998; Williams, 2008).

The connection between these oxidation events with global glaciations and the deposition
of banded iron formation, diamictites, and cap carbonates (Kirschvink et al., 2000; Young, 2013
is mainly supported by paleogeographic reconstruction studies, which are performed through
paleomagnetic analyses and rely on the primary magnetic signal of the analysed samples (Evans
et al., 1997; Trindade et al., 2003). Therefore, reliable paleomagnetic data are essential to make
paleogeographic reconstructions and, in Precambrian times, are relative scarce.

In addition to the paleogeographic uncertainties in Precambrian, there are two major
questions in the study of banded iron formations, which are “What are the source of iron?” and
“What are the oxidation mechanism?”. To address these matters, one cannot dismiss the possible
relation between iron cycle and the biosphere (e.g., Johnson et al., 2008b). The records of life’s
evolution across the Precambrian is closely related to the climatic changes, since the appearance
of oxygenic photosynthesis during the Archean biosphere expansion (Fig. 1; Olson & Straub,
2016) to the Neoproterozoic biological innovations within the multicellular eukaryotes (Fairchild
& Kennedy, 2007; Xiao et al., 2016). Among the possible iron sources for IF’s genesis, there are
abiotic ones like riverine-iron, dust, and hydrothermal, and biologically influenced ones, such as
porewater derived-iron. Moreover, the transformation of Fe (Il) to Fe (I11), and vice versa, also
presents abiotic and biotic models (Konhauser et al., 2011). The abiotic model is associated with
UV photo-oxidation (Nie et al., 2017) or to straightforward reflect of the available oxygen in the
oceans (Konhauser et al., 2017), whereas the biotic one consists in the enrolment of the metabolic
bacteria activity, through photoferrotrophy (Kunzmann et al., 2017), bacterial sulphate reduction
(BSR) or dissimilatory iron reduction (DIR; Johnson et al., 2008a). Geochemical analyses,
especially the iron isotope compositions, can reveal evidences regarding iron sources and
oxidation mechanisms. Moreover, the biological enrolment in the IF’s genesis is highlighted by
iron isotopic fractionation processes (Beard et al., 2003b).

Therefore, to contribute to the IFs genesis debate, we address these questions in reference
to the Banda Alta Formation in the Urucum District (Brazil), a major Neoproterozoic glacially-
related Fe-Mn ore deposit (Walde & Hagemann, 2007). We perform a multiproxy approach
combining Fe isotopes, clay mineralogy, and rock magnetism to investigate the biogeochemical
iron cycle and to evaluate its post depositional aspects. We present a fresh depositional model,

discussing its implications for the IFs genesis in the Snowball Earth context.
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GEOLOGICAL CONTEXT

The present study focuses on the Banda Alta Iron Formation of the Urucum District,
located near Corumba city, Brazil (Fig. 2). This region is inserted on the eastern edge of the
Amazon craton — Rio Apa block (Fig. 2a), and it is part of the Paraguay Belt (Fig. 2b), a late
Brasiliano-Pan African age fold belt (Gaucher et al., 2003; D’¢l Rey et al., 2016).

The Corumba region displays a Neoproterozoic-Cambrian geologic record in a
tectonically controlled graben environment within a larger compressive setting (Trompette et al.,
1998). It is commonly accepted that this region is placed above a triple junction of three basins,
S and N Paraguay and Chiquitos-Tucavaca aulacogen (Fig. 2b; Jones, 1985; Walde & Hagemann,
2007; Freitas et al., 2011; D’el Rey et al., 2016). An extensional tectonic event generated the
Corumbé graben (Boggiani, 1998; Trompette et al., 1998), which is delimited by high angle
normal faults with a NW-SE dominant direction (Jones, 1985). The graben was first filled by the
Jacadigo Group and by the Corumba Group (Almeida, 1945; Dorr 11, 1945; Walde et al., 2015).
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Fig. 2— a) Regional geological map displaying the main litho-tectonic units in South America
emphasizing the cratons and fold belts in central Brazil. Note that the signalized numbers 1, 2 and
3 refer to N and S Paraguay basins and Chiquitos-Tucavaca aulacogen, respectively (from D’el
Rey et al. (2016)). b) Simplified map of the Brazil — Bolivia border, the eastern edge of the
Amazon craton, emphasizing the main lithostratigraphy units across the Paraguay belt and
Chiquitos-Tucavaca aulacogen. (from Angerer et al. (2016)).
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The Jacadigo Group is divided into three formations, according to Dorr 11 (1945). The
Urucum Formation is the basal siliciclastic unit (Almeida, 1945; Dorr |1, 1945; Trompette et al.,
1998; Freitas et al., 2011), which overlies unconformably the crystalline basement of the Amazon
craton — Rio Apa block (Viehmann et al., 2016; and references therein). Overlying the Urucum
Formation, Dorr 11 (1945) presents two distinct formations: the Cérrego das Pedras and the Banda
Alta. The Cérrego das Pedras Formation consists of variable siliciclastic rocks and Mn-rich layers,
as a massive oxide layer or as a cement (Piacentini et al., 2013), interpreted as a lithological
transition of siliciclastic facies and allochemical ones (Freitas et al., 2011; Angerer et al., 2016).

The upper unit of the Jacadigo Group is the Banda Alta Formation (Dorr I, 1945), which
is mainly composed of hematite-rich banded iron formation (BIF) with intercalated sandstones,
arkoses, diamictites, and manganese ore. The stratigraphic sequence of the Banda Alta Formation
presents three distinct zones, lower carbonaceous, intermediate siliceous, and upper carbonaceous
(Almeida, 1945; Dorr Il, 1945). The lower and upper zones are dominated by dolomite-chert-
hematite BIF whereas the intermediate zone presents mostly jaspilitic chert-hematite BIF. Clastic
units and diamictites are dispersed and discontinuously intercalated in the column (Angerer et al.,
2016).

The unravelling of the depositional environment of the Jacadigo Group in the Urucum
District and the Fe and Mn source is been discussed since 1945, with the first published
lithostratigraphy research and the proposition of a marine context (Dorr 1, 1945; Almeida, 1945).
It is presented as a glaciomarine precipitation in active graben tectonics influenced by a redox-
stratified seawater (Leeuwen & Graf Jr., 1987; Urban et al., 1992; Graf Jr. et al., 1994; Angerer
et al., 2016). As to the connection of the basin to the ocean, many authors proposed a lacustrine
or restricted marine environment to minimize the hydrological cycle and to accumulate large
amounts of metals in solution (Almeida, 1945, 1946; Dorr 1l, 1945, 1973; Corréa et al., 1979;
Freitas et al., 2011, Angerer et al., 2016). However, the existence (or not) of the connection with
the ocean is not yet clear.

Regarding the metal fertilization, Trompette et al. (1998) presented the hypothesis of a
hydrothermal source for the Fe-Mn deposit, basing their hypothesis in evidence of regional
tectonic related to the graben environment (Jones, 1985), and evidences of a possible thermal
event in the Corumbé region (Urban et al., 1992; Hoefs et al., 1987; Trompette et al., 1998).
Although the REE analyses pointed a typical modern ocean water, with depletion towards LREE,
these data lack the positive Eu signature, usual for hydrothermal contribution (Klein & Ladeira,
2004; Costa et al., 2005). The observed negative Eu-anomaly was interpreted as a possible low-
temperature hydrothermal contribution (e.g., Michard et al., 1993; Angerer et al., 2016) or even
an alternative input of porewater (Angerer et al., 2016; Viehmann et al., 2016; Frei et al., 2017).
However, the low-temperature hydrothermal has been recently questioned by Souza et al. (2019),

using geochemical data.
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Depositional ages of the Jacadigo Group lack direct geochronological data, hence it’s
poorly constrained. Basement granites present igneous K/Ar age of ca 889 + 44 Ma (Hasui &
Almeida, 1970) and the maximum depositional age is 695 + 17 Ma by U/Pb zircon dating in the
Banda Alta Formation (Frei et al., 2017). The minimum age for the Jacadigo Group is 587 + 7
Ma due to Piacentini et al. (2013) dating, using “°Ar/*°Ar method in diagenetic cryptomelane
within Mn formation in the Corrego das Pedras Formation. The overlying Corumba Group
constrains the end of the Neoproterozoic Era by presenting in its upper unit (Tamengo Formation)
Ediacara-type macrofossils — Cloudina and Corumbella (Gaucher et al., 2003; Boggiani et al.,
2010; Walde et al., 2015; Xiao et al., 2016; Adorno et al., 2017) other than C and Sr isotopic
curves like other late Ediacara units (Boggiani et al., 2010; Ramos et al., 2022). Indirect dating is
presented by two potential stratigraphic correlation of the Jacadigo Group, one with the Boqui
Group in Bolivia (in the Chiquitos-Tucavaca aulacogen), linked to the Marinoan glaciation
(O’Connor & Walde, 1985; Litherland et al., 1986; Graf Jr et al., 1994) and another with the Puga
Formation of Sturtian age (Hoffman & Li, 2009 apud Angerer et al., 2016; Frei et al., 2017).
Although highly speculated, there are still no consensus regarding the depositional ages of the
Jacadigo Group and no agreement on which Neoproterozoic glaciation event it is related to.

MATERIALS AND METHODS

Drill cores locations and sampling

Three drill cores were studied at the Urucum District, UR51, RK62, and RK25 (Fig. 3a,
3b), the same ones analyzed by Viehmann et al. (2016) in a geochemical approach. These drill
cores were separated within their individual mesobands or clastic layers. The three drill cores
present the upper unit of the Jacadigo Group, the Banda Alta Formation, and the following facies:
Jaspilites and Mn-ore horizons and hematitic and manganese-rich arkoses, diamictites, arkoses,
and siltstones (Viehmann et al., 2016). The UR51 is located in Morro do Urucum (Fig. 3a) and
displays mostly jaspilite, and Mn-Fe-rich facies along its 170 meters (Fig. 3b). The drill cores
RK62 exhibits a higher diversity of facies, such as diamictites, jaspilites, siltstones and Mn-Fe-
rich facies along its 110 meters, whereas the RK25 presents mostly diamictites and arkoses, along
its 250 meters (Fig. 3b). Both RK62 and RK25 are located in Morro do Rabichdo (Fig. 3a). The

analyzed sample names are correspondent to the depth of the drill core’s sampling.
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Fig. 3 — a) Geological map (above) of the Corumba region and cross section of the Corumba
graben system (below; modified from Angerer et al. (2016)). Drill cores investigated in this paper
are highlighted in yellow stars. Two drill cores (RK25 and RK62) are located at the hill “Morro
do Rabichdo” (number 6) and the other one (UR51) is located at the hill “Morro do Urucum”
(number 3). b) Simplified description of the sampled drill cores (modified by Viehmann et al.

(2016)) with the depth presented in meters.
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Mineralogical characterization: Petrography and X-Ray Diffraction

Twelve siliciclastic and 9 iron formations (IF) samples were selected for mineralogical
investigation through petrography and X-Ray diffraction (XRD): 6 diamictites, 1 arkose (RK25-
234,65) and 2 IF in drill core RK25; 4 diamictites, 1 siltstone (RK62-109,20) and 3 IF in the
RK62; and 4 IF in the drill core UR51.

Thin section mineralogy and textural observations were described in transmitted and
reflected light using a ZEISS petrographic microscope in X-Ray Diffraction Laboratory (LARIX,
Universidade de Brasilia, Brazil). All thin sections were made at Geoscience
Institute/Universidade de Brasilia (IG/UNB).

For the diagenetic analysis through XRD, the sample preparation initially included
material disaggregation with a hammer and powdering in the Planetary Mill pulverisette by
Fritsch, for 5 minutes with 400 rpm. X-ray powder diffraction was performed on whole rock
samples, as well as on clay fractions, with the laboratory routine described in Campos (2012),
modified from Alves (1987).

XRD analyses were performed in a RIGAKU Ultima IV diffractometer equipped with
CuKa radiation, Ni filter, under 35 kV and 15 mA, with scanning velocity at 5%min. Mineral
phases were identified using Jade XRD 9.0 (Materials Data) with PC-PDF (Powder Diffraction
File — PDF for PC — ICDD). All of these in the XRD Laboratory at the Universidade de Brasilia
(Brazil).

The Kubler Index (KI) is a measurement of the full weight at high medium (FWHM),
presented in A°20 CuKo. of d(001) around 10A of illite (Kiibler, 1964). Through this index, it is
possible to indicate the diagenetic stage to which the rocks were submitted to. To do so, clay
fractions were analyzed at a reduced velocity of 0.5%min ranging from 7 to 12 °20. Afterward,
we performed a decomposition of the ~10A peak using the software DecompXR, selecting the

diagenetic contribution to finally measure the KI.

Iron isotopic analyses

Twelve samples from the drill cores RK62 (8 samples) and UR51 (4 samples) were
selected to analyze the bulk iron isotopic values. Initially, the samples were sprayed and, later on,
they were subjected to the digestion process that consists of a sequence of an acid attack, with
hydrofluoric, nitric and hydrochloric, and heating procedures. The purification was performed by
ion chromatography on heat-shrinkable Teflon columns filled with anionic resin (Bio-Rad AG1
X4, 200-400 mesh).

The iron isotopic analyses were performed by the Thermo-Finnigan Neptune inductively
coupled plasma mass spectrometer. Between each analysis, the international iron isotopes
reference material (IRMM-14) was analyzed under the same analytical conditions. All these

procedures were performed in the Geochronological Laboratory at the University of Brasilia.
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Iron isotopic compilation and statistical analyses

A bulk iron isotopic dataset from iron formations through the Precambrian was gathered
from bibliographic references. We group these IFs into three age categories: Archean to early
Paleoproterozoic (4.0 to 2.4 Ga), middle to late Paleoproterozoic (2.4 - 1.0 Ga), and
Neoproterozoic (1.0 — 0,541 Ma).

We have performed a statistical description of this compilation and used it to evaluate the
5°"Fe bulk values of the Neoproterozoic BIF of the Banda Alta Formation (Urucum District,
Brazil), presented in this paper and by Angerer et al. (2016). The evaluation consisted of the test

for anomaly behavior, using F-test, T-test (two-samples), ANOVA analysis, and Wilcoxon test.

Magnetic analyses (FC/ZFC)

Low temperature magnetization measurements were carried out to recognize the
transition phases between different magnetic fractions. The measurements were performed in four
representative samples and in two different settings, Field-Cooling (FC) and Zero-Field Cooling
(ZFC), and followed the procedures described by Callefo et al. (2019). First, the samples were
cooled to 10 K in both zero field and 5 T, respectively. When the samples reach 10 K, a5 T field
was applied and was then switched off to import a RTSIRM and the MPMS was reset. FC/ZFC
curves were measured during warming in zero field in scan mode at 5 K/min. The analyses were
carried out in a Magnetic Property Measurement System XL (Quantum Design) at the Physics

Institute of the Universidade de Brasilia.

RESULTS

Petrography

The iron formations, studied under a petrographic microscope, are mainly composed of
hematite and chert, and are generally banded-laminated with regular and continuous banding (Fig.
4a) but can also be nodular-laminated (Fig. 4c). These nodules, shaped as ellipsoids, consist of
anedric and microcrystalline hematite (Fig. 4d, e, f and g), that are aligned to the sedimentary
bedding and form the ferruginous band. The chert composes the silica band and refers to
cryptocrystalline quartz of white to reddish-colour, in reflected light analyses. The reddish chert
(Fig. 4g) is named jasper, due to the hematitic micro inclusions within. It is important to highlight

the absence or minor quantities of carbonate in the analysed iron formations.
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Fig. 4 —a) Iron formation sample - UR51-158,25. b) Diamictite sample - RK25-111,25. c¢) Iron
formation sample - RK62-43,70. d) Photomicrography (reflected light, N//) of the IF sample
UR51-158,25 presenting microband of jasper (darker), at the top, and ferruginous microband with
elliptic nodules of pure hematite in jasper and hematite matrix. €) Compositional detail of
photomicrography d (reflected light, N//) with different proportions of hematite (Hem), jasper
(Jsp) and cavities (Cav). This mineralogical proportion varies from sample to sample and within
the sample. f) Photomicrography (reflected light, N//) of the IF sample RK62-43,70, displaying
ellipsoid hematitic nodules. g) Photomicrography (reflected light, NX) of the IF sample RK62-
43,70, showing hematite nodules (Hem) in jasper matrix (Jsp, orange color) and rectangular or
rhombohedral cavities (Cav). h) Photomicrography (transmitted light, NX) of the diamictites
sample RK25-141,60 showing the general view of the sample and local presence of coarsely
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crystalline carbonate pore-fill cement within the various clasts (in the superior left corner). i)
Photomicrography (transmitted light, NX) of the diamictites sample RK25-111,25 displaying
local clasts partially to totally substituted by carbonate immerse in a fine-grained and opaque
matriX. j) Photomicrography (transmitted light, NX) of the siltstone sample RK62-109,20
showing irregular alternation defined by oriented lamellar minerals and granular portions. k) and
1) Photomicrography (transmitted light, NX and N// respectively) of the arkose sample RK25-

234,65 presenting a feldspar with overgrowth silica cement and minor ferruginous matrix.

The siliciclastic analysed rocks comprise ferruginous diamictites, siltstones and arkoses.
The ferruginous diamictites is poorly sorted and matrix-supported (Fig. 4b). The fine-grained and
dark red-coloured matrix consists of micro-grained quartz, as jasper, and hematite (Fig. 4h). This
facies presents angular to well-rounded clasts of various compositions, such as quartz, hematite,
fragments of iron formations, and other lithic fragments. Several clasts present partial (in its
borders; Fig. 4h) to total carbonate substitution. Locally, there are carbonate and silica cements,
mainly coarsely crystalline pore-fill (Fig. 4i).

The siltstones are characterized by an irregular alternation defined by oriented lamellar
minerals and granular portions (Fig. 4j). This facies is mainly formed by quartz, feldspars, and
phyllosilicates, the latter oriented parallel to the sedimentary bedding (Fig. 4j). The arkoses are
composed of quartz and feldspars in a close packing, with minor ferruginous matrix and thin
overgrowth cement (Fig. 4j and 4I).

These fabrics indicate that no metamorphic features were observed in the analysed thin

section, neither in iron formations nor in siliciclastic facies.

X-ray Diffraction data and diagenetic features

Diamictites, arkoses and siltstones from the drill cores RK25 and RK62 were analysed
through X-ray diffraction.

The diamictites are composed essentially by quartz and hematite. Locally, there are minor
contributions of carbonates, such as calcite and/or dolomite and/or ankerite, of feldspars, such as
albite and microcline, and of clay minerals, such as illite and kaolinite. In the sample RK25-
208,30, spilpnomelane is present as a minor component and according to Klein (2005), this is an
indicator of very low-grade metamorphism. The XRD analyses feature the limited clay content
and the great amount of iron oxides in the diamictites, contrary to what we expected in the matrix.

The arkose from the drill core RK25 (RK25-234,65; Fig. 5) displays, in whole rock,
quartz and feldspar as major components. Minor components are hematite and carbonates, calcite
and ankerite. Clay minerals are trace components in whole rock, such as illite and chlorite. In clay

fraction, chlorite, kaolinite and illite are major to minor components.
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The siltstone from the drill core RK62 (RK62-109,20, Fig. 5), in whole rock, is composed
by quartz as the major component, feldspar, smectite, illite and chlorite as minor components and
hematite and calcite as trace ones. The clay fraction present quartz and illite as major components,
whereas smectite, chlorite are minor ones and feldspars are trace ones. The presence of an
expandable clay mineral indicates diagenesis stage.

The Kibler Indexes have been determinate through the decomposition of the ~10A illite
peak and the measurement of the full weight at high medium (FWHM) of each separate peak.
This procedure was successfully performed in two siliciclastic samples, the arkose (RK25-
234,65) and the siltstone (RK62-109,20). Both samples present two peaks after decomposition,
one with smaller FWHM (0.101 and 0.117), interpreted as detrital mica, and the other one with
greater FWHM (0.287 and 0.265), interpreted as diagenetic illite.
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Fig. 5 — Diffractograms from arkose (RK25-234,65) and siltstone (RK62-109,20). In clay
fractions, both samples present quartz and kaolinite as major component, and the siltstone also
display illite as major one. The arkose presents chlorite and illite as minor components, while the
siltstone displays smectite and chlorite as minor ones and feldspars as trace ones. W=whole
sample; AD=oriented clay fractions in air-dried conditions; EG=after ethylene-glycol saturation;

H=after heating.

Iron isotopes — values and stratigraphy (Figure 6)
The measured & >'Fe values (n = 12) display a range from -2.836%o to 0.094%o with a
mean of -1.548%o (Table 1), expressed in per mil units relative to the IRMM-14 standard. Except
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for the samples RK62-86,10 and UR51-168,10, which present positive values (0.094%o and

0.092%o, respectively), all samples show negative iron isotopic values between -2.836%o and -

0.995%o. Furthermore, observing the distribution of §°’Fe data along the drill core stratigraphy,

we did not identify any tendency along the stratigraphy (Fig. 6).

Table 1 — 857Fe values for selected samples of the Banda Alta IF, type of analyzed sample,

sample ID and position in the drill core. Furthermore, we present Nd isotopic values (*) performed

by Viehmann et al. (2016) and their sample identification therein (*).

Sample 1D Type Position Fe isotopes Nd isotopes*  Sample ID*
from[m] to[m]  &Fe%o 2s

UR51_117,95 IF 117,95 118,15 -1,278 0,192 UR51_5
UR51_120,95 Mn-ore 120,95 121 -5,38 UR51_14
UR51 120,95 Mn-ore 120,95 121 -4,66 UR51_15
URS51 143,25 Pure IF 143,25 143,45 -4,45 UR51_20
UR51 158,25 Impure IF 158,25 158,45 -3,81 UR51_25
UR51 158,25 IF 158,25 158,45  -2,375 0,295 UR51_26
UR51_161,3 Impure IF 161,3 161,5 -4,69 UR51 31
UR51_165 Mnarkose 165 165,15  -2,836 0,119 -5,52 UR51_51
UR51_ 165,45 Mn-ore 165,45 165,55 -5,57 UR51_52
UR51 165,45 Mn-ore 165,45 165,55 -4,8 UR51_53
UR51 168,1 IFarkose 168,1 168,25 0,092 0,236 UR51_65
UR62_34,75 PureIF 34,75 34,95 -4,44 UR62_5
UR62_34,95 ChertlIF 34,95 35 -2,164 0,103 UR62_10md
UR62_34,95 Impure IF 34,95 35 -4,12 UR62_12
UR62_43,7 IF 43,7 43,9 -1,312 0,169 UR62_15
UR62_43,7 Pure IF 43,7 43,9 -4,3 UR62_17
UR62_43,7 IF 43,7 439 -1,236 0,068 UR62_18
UR62_58,6 IF 58,6 58,7 -2,497 0,2 UR62_25
UR62_58,6 Impure IF 58,6 58,7 -3,63 UR62_26
UR62_ 62,25 ChertIF 62,25 62,3 -2,267 0,064 UR62_30
UR62 62,25 IF 62,25 62,3 -1,802 0,207 UR62_31
UR62_77,15  Pure IF 77,15 77,2 -0,995 0,272 -4,56 UR62_38
UR62_86,1 Impure IF 86,1 86,2 -3,25 UR62 41
UR62_86,1 IF 86,1 86,2 0,094 0,16
UR62_109,2  Siltstone  109,2 109,6 -8,35
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We performed these iron isotopic analyses mainly in pure iron formations, without
carbonate contribution. This statement is based on petrographic analyses (section 4.1) and
geochemical ones performed by Viehmann et al. (2016) in the same drill cores. Therefore, this

allows a conclusion of fractioned Fe isotopic data in pure IF samples along the drill cores.

Statistical model — Iron isotopes anomaly

The bibliographic compilation performed here presents a wide range of 5°’Fe values for
bulk banded iron formation samples (Fig. 7; Johnson et al., 2003; Rouxel et al., 2005; Dauphas
etal., 2007; Tsikos et al., 2010; Halverson et al., 2011; Planavsky et al., 2012; Czaja et al., 2013;
Angerer et al., 2016; Cox et al., 2016; Zhu et al., 2019; for detailed bibliographic data, see
Supplementary Table 1 and Supplementary Data 1). For organization purpose, we used three
different categories, according to Planavsky et al. (2012): Archean to early Paleoproterozoic (4.0
to 2.4 Ga), middle to late Paleoproterozoic (2.4 — 1.0 Ga) and Neoproterozoic (1.0 — 0,541 Ma).
In addition, we present the °'Fe values for the Banda Alta Formation from this paper (section
4.3) and the data from Angerer et al. (2016; Fig. 7, in red).
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Fig. 7 — Secular trend of &°'Fe values in bulk iron formation samples from the bibliographic
compilation, presented in a scatter chart. The blue and the light blue data are the Archean to early
Paleoproterozoic IF, and the middle to late Paleoproterozoic IF, respectively. The two transparent
blue rectangles represent the duration of the continued GOE, according to Gumsley et al. (2017),
and the NOE (Och & Shields-Zhou, 2012). The green data represent the Neoproterozoic IF,
whereas the red values display the §°’Fe data for the Banda Alta Formation, in the Urucum District
(Brazil).

66



The Archean to early Paleoproterozoic IF (4.0 to 2.4 Ga) have §°’Fe values ranging from
-2.34%0 to 2.51%0 with a mean of 0.252%0 (n=129). The values found in middle to late
Paleoproterozoic IF (2.4 — 1.0 Ga) present a range from -2.74%o to 1.63%o with a mean of -1.283%o
(n=49). These two categories were distinguished according to the rise of atmospheric oxygen, the
Great Oxidation Event (GOE; Gumsley et al., 2017). This event is estimated around 2.4 Ga
(Bekker et al., 2004), but there is an ongoing debate around its duration and the continued and
oscillating nature of the event (Gumsley et al., 2017, Fig. 7).

IF deposited in the Neoproterozoic (1.0 — 0,541 Ma) display iron isotopic values ranging
from -0.98%o to 3.54%o0 with a mean of 1.054%o (n=75). This compiled data displays only
Neoproterozoic iron formations with §°'Fe values acquired from bulk samples. This compilation
reinforces the small number of iron isotope data on Neoproterozoic sequences, pointed by
Kunzmann et al. (2017). Most of the available Neoproterozoic datasets in bibliography displayed
in Kunzmann et al. (2017) are not performed in iron formations, but in different lithologies,
mostly shales and diamictites (Tahata et al., 2015; Zhang et al., 2015; Fan et al., 2014).
Furthermore, the method applied in most of these Neoproterozoic iron isotopes are not bulk
samples, but in magnetite or pyrite crystals or with milligram-size one-iron phase samples
(Johnson et al., 2008a; Whitehouse & Fedo, 2007).

The Banda Alta IF §°’Fe values range from -2.836%o to 0.094%o with a mean of -1.377%o
(n=17) and present a distinct distribution in the scatter chart in Fig. 7 and also an unusual
behaviour when analysed the boxplot chart (Fig. 8).
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Banda Alta Formation = Neoproterozoic  Paleoproterozoic ~ Archean/Paleoproterozoic
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Fig. 8 — Boxplot chart displaying the distribution of 3°'Fe values in the four categories, Archean
to early Paleoproterozoic (4.0 to 2.4 Ga), middle to late Paleoproterozoic (2.4 — 1.0 Ga),
Neoproterozoic (1.0 — 0.541 Ma) and Banda Alta Formation (Urucum District, Brazil).
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To classify the unusual behaviour of the Banda Alta Formation §°’Fe values, we
performed statistical tests. The Banda Alta IF and the Archean to early Paleoproterozoic
categories are both normally distributed (Shapiro-Wilk test, with p-values of 0.214 and 0.236,
respectively), whereas the Neoproterozoic and the middle to late Paleoproterozoic ones are not
(Shapiro—-Wilk test, with p-values of 0.042 and 0.014, respectively).

F-tests were not enough to guarantee that the Banda Alta IF came from a different
population with a distinct variance from the others three categories. Student’s t-tests and ANOVA
analyses pointed differences within Banda Alta IF regarding the Neoproterozoic IF and the
Archean to early Paleoproterozoic IF and, also, presented a relationship between the Banda Alta
IF and the Paleoproterozoic IF. Despite this statistical possibility and the lack of unequivocal,
direct geochronological data from the Banda Alta IF, it is agreed that this iron formation belong
to the Neoproterozoic. Therefore, this statistic relation does not contribute to the discussion.

Due to the distribution nature of these two categories, Neoproterozoic IF and Banda Alta
IF, we also performed a nonparametric Wilcoxon tests, presenting p-values < 0.0001. These
analyses confirm that the 3°'Fe values found in this paper, along with the previously published
data from Angerer et al. (2016), are statistically anomalous when compared to the dataset from
bulk 5°'Fe values of the Neoproterozoic.

Magnetic Analyses

Low temperature magnetization measurements in field cooled (FC) and zero field cooled
(ZFC) were performed to identify the transition phases between different magnetic fractions. In
particular the Verwey (~120 K) and the Morin (~260 K) transitions are indicators for
stoichiometric magnetite and hematite, respectively. Besides the identification of the transition
phases between different magnetic fractions, these analyses can indicate a biogenicity of
magnetites, by presenting two distinct peaks at 100 and 120 K (Chang et al., 2016; Caleffo et al.,
2019).

The selected four samples (RK62-43,70, RK62-43,90, RK62-62,25 and RK62-62,30)
present negative §°'Fe values, -1.312%o, -1.236%o, -2.267%0 and -1.802%o, respectively. It is
possible to observe both Verwey (~120 K) and Morin (~260 K) transitions in three samples:
RK62-62,30; RK62-43,70 and RK62-43,90 (Fig. 9 A-C). In the sample RK62-62,25, classified
as chert, only the Morin transition is clear (Fig. 9 D) and even in a close observation (Fig. 10A),
this sample does not show an evident presence of magnetite.

Regarding the possibility of biogenetic magnetite, neither of the samples present clear
double Verwey transition, meaning a plateau between 100 and 120 K (Fig. 10). The sample RK62-
62,30 (Figure 10B) points towards a double Verwey transition, but it is not well-defined. This

dubious observation can be explained by the noisy data, the low concentration of magnetite in
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these samples when compared to the hematite phase or due to the non-existence of the double

Verwey transition.
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Fig. 9 - Low-temperature magnetization measurements after zero-field cooled (ZFC) and field-

cooled (FC) conditions (FC/ZFC curves, presented by red and black curves, respectively),
showing the Verwey (~120 K) and the Morin (~260 K) transitions.
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DISCUSSIONS

Diagenesis and palaecomagnetic implications

The iron formations can be characterized as global paleoclimatic archives (Bekker et al.,
2010; Konhauser et al., 2017) and are intimately linked to the atmosphere-ocean interaction
(Kirschvink, 1992 apud Kirschvink et al., 2000; Hoffman et al., 1998). These rocks enable
research on depositional environment through geochemical and geochronological studies and, in
addition, the investigation of paleogeographic reconstructions using paleomagnetic analyses.

In Brazil, the tectonic evolution of the Paraguay Belt and its consequences to the
Gondwana tectonics are in debate, regarding magnetic poles and geochronological data (McGee
etal., 2018; Tohver et al., 2006; Trindade et al., 2003). It is important to stress that metamorphism
can alter the rock magnetism and magnetic poles resulting in unreliable data (Slotznick et al.,
2018). Considering this, the characterization of the diagenetic stage and a temperature range in
which the iron formations were submitted to is crucial for future execution of paleomagnetic
studies, hence it was performed in the present research through XRD and petrographic analyses
of siliciclastic facies along the studied drill cores.

The arkoses and siltstones along the drill cores present clay mineral paragenesis of illite
+ chlorite + kaolinite and, in the siltstone, an expandable clay mineral, smectite (Fig. 5). It is
interesting to highlight that the presence of smectite indicates a diagenetic stage (McKinley et al.,
2003), which implies temperatures below 200°C (Johnson et al., 2019). Moreover, we observed
FWHM values of 0.287 and 0.265°20 through the determination of the Kiibler Index in illites.
These FWHM values characterize the anchizone grade of metamorphism with temperatures
<300°C (Kubler, 1964; Kisch, 1987; Merriman & Frey, 1999; Johnson et al., 2019). However,
Warr & Ferreiro Mahlmann (2015) postulated revised boundary limits for upper and lower
anchizone, setting them at FWHM equal 0.32 and 0.52°28, respectively. These newer statements
positioned the analyzed samples into the epizone (with FWHM <0,32°20), related to the boundary
of prehnite-pumpellyite and pumpellyite-actinolite facies, with estimated temperatures around or
slightly higher than 300°C (Warr & Cox, 2016; Johnson et al., 2019).

The presented data point that the samples did not went through a great metamorphic event.
There are indicators to support a range from diagenesis stage, in regard to the presence of smectite,
to low metamorphic grade, which may have reached even pumpellyite-actinolite facies. Also, the
petrographic analyses in the siliciclastic facies and in iron formations do not display any
metamorphic textures (section 4.1) thus corroborating to the previous conclusion. Additional
researches on these clay mineral proxies are needed to understand the complex diagenetic
processes regarding these rocks and the possibility of a posterior thermal event in the region,
briefly introduced by Fazio et al. (2019) in samples of the stratigraphically above Corumba

Group, indicating a possible posterior fluid percolation in the area.
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The analysed siliciclastic rocks are interbedded with the iron formations, which implies
that the IFs present that same (very-) low metamorphic stage (Fig. 3b). Taking the
abovementioned evidences into account, we suggest that the Banda Alta IF has not suffered
significative post depositional alterations, in accordance to the findings of Angerer et al. (2020)
and Biondi et al. (2020). These studies presented arguments regarding oxygen isotope values in
hematite, indicating reached temperatures of 71 to 173 °C, and the presence of long chain oil type
in manganese layers with kremydilite structures, presenting temperatures around 90 °C. The
estimated temperature presented in this paper are ranging from 200 to ~300°C, higher than the
previous researches in Angerer et al. (2020) and Biondi et al. (2020). However, these
temperatures are lower than a greenschist facies (Warr & Cox, 2016; Johnson et al., 2019) and,
therefore, the IF’s primary characteristics are probably still preserved (Fig. 4). Accordingly, we
can validate some geochemical signatures such as REE patterns and neodymium isotope ratios
(eNd, Viehmann et al., 2016), discussed in subsequent sections. Moreover, we may validate the
Banda Alta IF’s magnetic poles, but we consider necessary a detailed research on the
(re)magnetization aspects of these rocks (e. g., Roberts, 2015). There have been no paleomagnetic
research on the Banda Alta IF, which makes it an interesting target for future magnetic studies,
having important implications on paleogeographic reconstructions.

The Urucum isotopic anomaly

After our thorough bibliographic compilation of 3°’Fe bulk data in iron formations across
the Precambrian (section 4.4), it was possible to underline different ranges of isotopic values (Fig.
7). The Archean to early Paleoproterozoic IF (4.0 to 2.4 Ga) presents 5°’Fe values from -2.34%o
to 2.51%o, the middle to late Paleoproterozoic IF (2.4 to 1.0 Ga), from -2,74%o to 1,63%o, and the
Neoproterozoic IF, from -0,98%o to 3,54%o. These values display similarities to the presented
compilations by Rouxel et al. (2005), Bekker et al. (2010) and Planavsky et al. (2012). The main
difference between this paper’s compilation and the ones previously mentioned is the chosen data
of only bulk-type analyses in iron formations samples. These distinct ranges of iron isotopic
values are the theoretical basis of an ongoing discussion on mechanisms of oxidation through the
Precambrian (Kunzmann et al., 2017, Rouxel et al., 2005; Yamaguchi et al., 2005, Planavsky et
al., 2012). There are two different approaches regarding this discussion, the first one is based
solely on a geochemical view and the second is also biologically-influenced.

The geochemical approach of Planavsky et al. (2012) argues that the differences between
the ranges and averages of the Archean to early Paleoproterozoic (average of 0,252%o), before the
GOE and with pO; less than 0.001% of the present atmospheric levels (PAL; Laakso & Schrag,
2017), and the middle to late Paleoproterozoic (average of -1,283%o), after GOE with pO2 between
0.1% and 10% PAL (Laakso & Schrag, 2017), are related to the lack of a redoxcline in the early

Precambrian. The absence of this redoxcline produced Archean to early Paleoproterozoic BIF
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deposits, with positive iron isotopic values, and black shales, with negative ones (Rouxel et al.,
2005; Yamaguchi et al., 2005). In contrast, the Paleoproterozoic after GOE presents a discrete
redoxcline and a wider range of 5°'Fe values due to the incomplete oxidation of the iron reservoir
in an environment with a low concentration of oxygen (Planavsky et al., 2012). In this hypothesis,
the Neoproterozoic Era, with a higher concentration of O, resulted in a more complete oxidation
of the iron inventory and narrower ranges (Kunzmann et al., 2017).

The biologically-influenced approach is related to diagenetic and microbial processes,
producing distinct ranges of 6°’Fe values thus reflecting the evolution in the biosphere and the
metabolic bacterial activity through the Precambrian Eon (Johnson et al., 2008b; Li et al., 2015).
Through the integrated C-S-Fe analyses of Johnson et al. (2008b), it is possible to discuss this
biogeochemical view and elucidate the different ranges of §°'Fe values over time. In the early
Precambrian, before GOE, Fe isotopes present a positive average in a reflection of the incomplete
oxidation of iron inventory. Considering the biogeochemical cycles, Konhauser et al. (2007)
argue that the mechanism for this incomplete oxidation in the Archean was more likely through
anaerobic photosynthesis than abiotic mechanisms, creating local oxygen oases, in which iron
formations were possible to precipitate. In the early Paleoproterozoic, during the (probable)
continuous emergency of oxygen, Johnson et al. (2008b) predicted that a great amount of Fe (111)
would become available in the ocean and, therefore, increase processes such as the DIR,
producing large quantities of fractionated 5°'Fe values, as observed in Fig. 7. After the Great
Oxidation Event, there is a consensus concerning the presence of atmospheric O, and the
establishment of oxygenic photosynthesis, reflected in negative values of organic *C analyses
(Johnson et al., 2008b). Moreover, we observe that the iron isotopic values from ages ca. 1.8 are
less negative suggesting that dissimilatory iron reduction DIR was less extensive (e.g., Johnson
et al., 2008b). At last, the Neoproterozoic deposition of iron formation present Fe isotopes values
tending towards zero, reflecting the complete oxidation of Fe (1), as expected for an oxygen-rich
atmosphere.

The Banda Alta IF’s §°’Fe data presented here (section 4.3) allows us to better understand
its iron isotopic peculiarities. The values displayed represent an important statistically-proved
negative anomaly comparing to the Neoproterozoic IF (ranging from -0,98%o to 3,54%o). The bulk
values found in the Banda Alta IF range from -2,836%o to 0,094%0 (mean = -1,377%o), showing a
preferred retention of light isotopes than of heavier ones.

Our analyses were performed preferentially in BIF samples without carbonate
contribution, as shown in the petrographic investigation (section 4.1). Still, our results indicate
strong Fe isotope fractionation in pure BIF samples. These results contrast with the findings of
Angerer et al. (2016), which presented fractionated 5°’Fe values assigned only to a carbonate-
facies BIF, in the geochemical-determinate “zone 1” and interpreted as carbonate precipitation

through bacteria mediation in the shallow zone of the basin. However, Viehmann et al. (2016)
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did not observe these high carbonate contents in the iron formations within the studied drill cores
and did not managed to divide them into zones as Angerer et al. (2016), using the same
geochemical indicators. Therefore, the acknowledged &°'Fe fractionated values found in the
Banda Alta IF in samples without carbonate contribution allows the discussion of a possible
biological trigger for the iron formation genesis that will be presented in section 5.3.

In light of the anomalous aspect of the Banda Alta IF, we attempt to observe possible
trends of iron isotopic values through the stratigraphy. The Cryogenian iron formations
worldwide appear to display a systematic feature of increasing 6°’Fe values with an up-section
trend during post-glacial transgression (Halverson et al., 2011; Cox et al., 2016; Lechte et al.,
2018; Kunzmann et al., 2017; Zhu et al., 2019). In this hypothesis, the variations of Fe isotopes
are controlled by the degree of Fe precipitation, associated with global glaciation events (Zhu et
al., 2019). These iron isotopic variations are thought to reflect global environmental changes due
to the decrease in seawater Eh caused by transgression and/or decrease in seawater pH resulting
from ocean acidification, explained by the Rayleigh fractionation model (Zhu et al., 2019).

Although some iron formation sections present this secular variation, there are still some
inconsistencies and uncertainty in the trend observation, pointed by Lechte et al. (2018) in the
studies of the Kingston Peak Formation, in California, for example. Furthermore, it is important
to comprehend whether this variation is observed in a specific section of the iron formation or
when observed the full IF’s sequence.

In Banda Alta Formation, the suggested up-section trend of increasing &°'Fe values
presented by Angerer et al. (2016) and displayed by Zhu et al. (2019) has not been observed
within the data presented in this paper (Fig. 6). The absence of this trend shows that the variations
of Fe isotopes in the region are probably not globally-related, but instead reflect local conditions
in restricted basins and/or porewater compositions, as suggested by Yamaguchi et al. (2005).
Therefore, this consists in an argument towards the restriction between the Jacadigo basin and the

ocean (e.g., Freitas et al., 2011; Angerer et al., 2016).

The Urucum District: iron source and depositional model

The iron source of Urucum District remains a debate theme in the literature (e.g.,
Trompette et al., 1998; Angerer et al., 2016; Souza et al., 2019). The main iron source proposed
for the Urucum BIFs is the hydrothermal source, but a porewater source has also been briefly
speculated (e.g., Angerer et al., 2016).

Sensible to iron source variation, the biogeochemical iron cycle in BIF deposits is crucial
to the interpretation of the Precambrian environment. Therefore, using Fe isotopic analyses, it is
possible to glimpse the iron source problematics and its pathway in the redox conditions (Johnson
et al., 2003; Konhauser et al., 2017). Considering the possible iron sources, riverine-iron, dust,

hydrothermal and porewater derived iron, all of these are characterized by near neutral isotopic
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composition (~0.00%o), except for the latter (e.g., Kunzmann et al., 2017). The most acceptable
iron source for banded iron formations worldwide is the hydrothermal (Li et al., 2015) and,
according to Beard et al. (2003b), the average §°°Fe values are -0.3%o. By contrast, the porewater
derived-iron presents a lighter isotopic composition (Johnson et al., 2008a), ranging from -3.5%o
to -0.5%o (e.g., Kunzman et al., 2017). These iron isotopic compositions of the precipitated iron
oxides will present primary §°°Fe values, such as the iron source, if it has not gone through a
fractionation process. We recognize the ongoing debate (e. g. Beard & Johnson, 2004) on Fe
isotope fractionation due to intense post depositional alterations. However, as we observed in the
diagenetic analysis (section 5.1), these rocks have only been very lightly metamorphosed and the
5°"Fe values should not have suffered any fractionations.

Taking the characteristic iron isotopic compositions of possible iron sources into account,
this paper’s fractionated iron isotopic data (mean = -1,377%o) shed a light on how the current
acceptable hydrothermal model does not completely apply to the genesis of the Banda Alta IF.

In this regard, a question is risen ‘what is Fe isotopic fractionation related to?’. This
process reflects the redox transformation between Fe (11) and Fe (111) and it is connected to three
major factors (Johnson et al., 2003; Beard & Johnson, 2004, Angerer et al., 2016): changes in
iron sources, mineral-specific equilibrium fractionation, and enrolment of bacteria metabolic
processes. Analysing these factors, we can dismiss the second alternative due to the lack of
competition for Fe isotopes within the rock paragenesis. Moreover, the nature of the bulk analyses
performed is a method that is not influenced by redistribution of isotopes between individual
mineral phases (Kunzmann et al., 2017). We can also reject the hypothesis of changes in the iron
sources because if there were changes in the fluid’s composition, we would have observed in
geochemistry such as REE patterns along the drill core’s sections and, so far, none of the
published researches points towards this interpretation (Angerer et al., 2016, Viehmann et al.,
2016).

Therefore, we suggest that the bacterial metabolic activity played an important role for
the availability of Fe (1) for the genesis of the Banda Alta IF and the low §°’Fe values can be an
indirect proxy of this biological activity, as already pointed by Johnson et al. (2008b). In this
context, the iron isotopic fractionation can occur (1) related to dissimilatory iron reduction (DIR)
producing a biologically recycled iron (Li et al., 2015) or (2) related to bio-induced precipitation
of iron oxides (Carlut et al., 2015; Callefo et al., 2019). In the attempt to recognize biogenetic
magnetite through the identification of a double Verwey’s transition (Carlut et al., 2015; Chang
et al., 2016; Caleffo et al., 2019), low-temperature magnetization measurements were carried out
in iron isotopic fractionated samples (Fig. 9). The absence of a double Verwey’s transition (Fig.
10) in our data indicates the lack of evidences for bio-induced precipitation of iron oxide phases.

This result points towards the essential activity of DIR processes in the Banda Alta IF’s genesis.
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It is important to highlight that DIR was already a diffused form of metabolism in the
early Precambrian (Konhauser et al., 2011; Bekker et al., 2010; Vargas et al., 1998) and its
radiation happened along the late Archean (e. g. Bekker et al., 2010; Konhauser et al., 2011).
Specifically, in the Jacadigo basin, Angerer et al. (2016) already pointed towards the enrolment
of bacteria in Banda Alta IF due to Fe isotope fractionation observations and calcium carbonate
spheroids. However, the authors postulated a restrict shallow water facies, restricted to carbonate-
rich IF facies, which we already indicate that it is not the case. Furthermore, Biondi et al. (2020)
argued the genesis of the manganese layers mediated by microbial colonies, placing the biological
view into these depositions.

Analyzing the newer presented data, we can propose a different approach for the
biological evolvement. Coupling the isotopic neodymium analyses performed by Viehmann et al.
(2016) and the iron isotopic data found in this paper (Table 1), we can trace iron sources in the
iron formations (e. g. Cox et al., 2016; Li et al., 2015). The negative eNd(t) values in the Banda
Alta IF indicate a contribution from “continental” iron (e. g. Konhauser et al., 2017) and the light
iron isotopic compositions (e.g., Johnson et al., 2008a) highlight an important bacteria
metabolism in the IF’s genesis. This correlation allows us to propose a continental iron source as
the major pathway by which iron is supplied to the ocean water column (Taylor & Konhauser,
2011). Once this Fe (111) reaches the water column, it becomes a part of the microbial dissimilatory
iron reduction (DIR) process that released Fe(Il) from pore fluids in continental margin sediments
to the basin (Fig. 11; Konhauser et al., 2017; Homoky et al., 2009).

Previous studies already suggest the occurrence of this process (called “benthic iron
shuttle”) in the iron formation’s genesis (Konhauser et al., 2017; Taylor and Konhauser, 2011; Li
et al., 2015; Severmann et al., 2008). In view of the hydrothermal evidence presented by the
Urucum District’s literature; we don’t dismiss these fluids contributions as an iron source.
However, we here present evidence of bacteria-mediated processes. Therefore, we propose a dual-
iron source model for Banda Alta IF, considering both hydrothermal and biologically-recycled
Fe(Il) processes (Fig. 11).

The latest depositional model for the Banda Alta IF is proposed by Angerer et al. (2016)
in an alternated ice-cover and ice-retraction within a restricted basin. That study emphasizes the
restrict connection of the basin to the ocean with the non-observation a secular Fe isotope
variation (section 5.3). Regarding the alternation of ice cover in the basin, diamictites would be
deposited during glacial cover, which minimize hydrological exchange with the ocean, building
a redoxcline and maintaining the metals in solution, whereas laminated iron formations would be
precipitated with the retraction of the ice, leading to oxidizing conditions (Lechte et al., 2016).
However, according to Le Heron (2015), this mechanism of deposition could be achieved without
the ice-free conditions. In addition, the retraction of the ice-cover would represent a major

environmental change and, therefore, produce some transitional facies between the diamictites
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and the iron formation (Lechte et al., 2016). Due to the non-observation of this transitional facies,
we propose a constant presence of ice-cover within the basin, as suggested by Hiatt et al. (2019)
for the Cerradinho Formation of the overlying Corumba Group in the same Corumba region. At
last, the oxidizing conditions would occur through the input of subglacial meltwater discharge
(Angerer et al., 2016; Hoffman et al., 2017).

Atmosphere O:
Ice Shelf

Sea lce

costal
sediments

- fluid
L4

iron formations and
ferruginous diamictite

Basin's substrate

Fig. 11 — Depositional scenario for the Banda Alta Formation of continuous ice-covered in
restrict-basin. It is important to emphasize the dual-iron sources, considering both hydrothermal
and biologically-recycled Fe (I1) processes. The biological process consists in a continental Fe
(11) source, which reaches the water column and becomes a part of the microbial dissimilatory
iron reduction (DIR) process that released Fe (1) to the basin, the benthic iron shuttle. As for the

oxidation mechanism, it is proposed to be a result of the input of subglacial meltwater discharge.

CONCLUSIONS

Iron isotopic analyses are crucial to better comprehend the biogeochemical iron cycle,
including source of metal fertilization and oxidation mechanisms. Considering the limited
published Fe isotope dataset on Neoproterozoic sequences, this paper brings new contributions
and enables the discussion of biological enrolment in the Banda Alta iron formation’s genesis
(Jacadigo Group, Urucum District).

In order to achieve a temperature range in which these rocks were submitted, we
performed a diagenetic evaluation, through clay mineral paragenesis and Kiibler Indexes, within
the siliciclastic facies interbedded with the iron formation along the studied drill cores. We were

able to indicate a very low metamorphic grade, ranging from diagenesis to epizone (at maximum
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reached the pumpellyite-actinolite facies) for this formation with temperatures from 200 to
~300°C. The lack of metamorphic indicators in the petrographic analyses corroborates to this
conclusion and because of that we could validate primary geochemical data and, possibly,
magnetism signals. Therefore, we can stress that this formation could be a target for
paleomagnetic studies, with direct consequences to paleogeographic reconstructions in the
Neoproterozoic glaciation context.

The negative 5°’Fe bulk values found in the Banda Alta IF was statistically tested for
anomaly behaviour in relation to a compilated dataset of bulk Fe isotopes in iron formations
samples through the Precambrian. The results pointed to a statistically-proved negative anomaly
in the Banda Alta IF thus reflecting a complex discussion around the depositional model for the
Urucum District. Observing the §°’Fe distribution through the stratigraphy of the studied drill
cores, we highlight the possibility that the analyses reflect local restricted basin conditions rather
than global ones. This suspicion is based on the lack of the systematic up section trend of 5°’Fe
values, as suggested for other Cryogenian sections. Although the Jacadigo basin’s configuration
is still uncertain, we present an additional argument towards this restrict setting.

The anomalous Fe isotopes point towards biological isotopic fractionation and the
absence of evidences of bio-induced magnetite through magnetic measurements led to the
proposition of a biological contribution in the availability of Fe (I1) in the basin. Considering the
anomaly in the 3°'Fe values, combined with previously published neodymium isotopic analyses
indicating contribution from ‘“continental” iron, we propose a dual-iron source model,
hydrothermal and biologically-recycled Fe (Il) through dissimilatory iron reduction (DIR)
process. The latter process, also called “benthic iron shuttle”, results in an iron source through the
bacteria-mediated iron reduction of continental Fe (111) input, supported by the eNd data.

In conclusion, the multiproxy approach facilitates a better understanding of the Urucum
District context, including the enrolment of the biosphere in the metal fertilization for the iron

formation precipitation.
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7. LAYER BY LAYER: UNRAVELLING THE DEPOSITIONAL MECHANISM OF IRON
FORMATIONS

Na ultima década, tem havido um crescente interesse em compreender 0s mecanismos de
génese e os sedimentos precursores das formacdes ferriferas. Varios estudos tém se dedicado a
investigar esses temas (por exemplo, Bekker et al., 2010; Peacak-Dennett et al., 2011; Wu et al.,
2012; Rasmussen et al., 2021; Konhauser et al., 2017) e tém havido grandes avangos, por meio
de simulages laboratoriais. Neste artigo, abordamos a seguinte lacuna cientifica: qual € a origem
das camadas alternadas de Fe-Si? Seriam resultantes de precipitacOes alternadas independentes
ou de uma precipitacio homogénea seguida de subdivisdo por processos diagenéticos?
Diferentemente do que se tem feito por meio de sinteses, 0 manuscrito apresenta um estudo
reoldgico em multi-escalas de estruturas de deformacédo nas camadas dessas rochas, causadas pelo

impacto de seixos pingados em um contexto glacial.

RESUMO Formacdes ferriferas sdo rochas intrigantes do Precambriano conhecidas por sua
distinta alternancia de camadas ricas em silica e em minerais de ferro. No entanto, 0s mecanismos
envolvidos em sua formagéo ainda s&o pouco compreendidos. Este estudo utiliza uma abordagem
reologica em multiplas escalas para investigar os aspectos temporais da génese das camadas de
Fe e Si. Especificamente, concentramo-nos em amostras portadoras de detritos transportados por
gelo da Formagdo Banda Alta, do Distrito Urucum (Brasil), unidade glacial neoproterozoica. Este
ambiente geoldgico fornece um exemplo didatico para alcancar os objetivos da pesquisa devido
a sua laminacdo persistentemente plano-paralela e com minima influéncia térmica pds
deposicional. Através de analises macroscépicas, microscopicas e cristalograficas, exploramos
duas hipoteses concorrentes: origem da laminacdo deposicional ou diagenética. Nossas
observaces revelam estruturas de impacto sob os clastos, resultando em desvio e deformagéo das
laminacGes paralelas esperadas, indicando sua formagdo em resposta aos impactos dos clastos.
Além disso, investigacOes cristalograficas estabelecem uma correlagéo entre as orientagcdes dos
planos basais {0001} da hematita e as laminacBes da formacgdo ferrifera, tanto em areas
perturbadas pelo impacto quanto em &reas plano-paralelas preservadas. A presenga de uma
definicdo de camadas pré-impacto com orientacdo cristalogréafica alinhada desafia a possibilidade
de que apenas a diagénese alcance uma segregac¢do rapida das camadas. Assim, nossos resultados
apoiam fortemente que a acamadacao observada é resultado da deposicédo alternada de camadas

ricas em Fe e Si durante a génese das formagdes ferriferas. PALAVRAS-CHAVE: formacéao

ferrifera, seixo pingado; origem deposicional; EBSD; acamamento.
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HIGHLIGHTS:

e Observamos uma clara distorcdo de laminagdo resultante do impacto de seixos
nas esperadas laminacgdes plano-paralelas, em escalas macro e microscopicas;

o Considerando a estimativa de 1 cm/kyr para a taxa de sedimentacao de formagoes
ferriferas e a espessura de 0.1 a 0.3 mm do seixo até a primeira delimitacdo de
camada, isso representaria aproximadamente 2 a 30 anos. Seria tempo suficiente
para a diagénese alcancar a delimitacdo das camadas?

e Ao observar as perturbagBes na orientacdo cristalografica na area perturbada pelo
seixo pingado, sugerimos a presenca de pelo menos alguma defini¢do de camada
antes do impacto do mesmo;

¢ Revelamos inconsisténcias com a hipdtese de origem diagenética das camadas de
Fe e Si e, portanto, argumentamos a favor de uma origem deposicional para essa

caracteristica alternancia de camadas em formacdes ferriferas

LAYER BY LAYER: UNRAVELLING THE DEPOSITIONAL MECHANISM OF IRON
FORMATIONS
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ABSTRACT

Iron formations, stratified Precambrian rocks, exhibit alternating iron and silica layering,
yet the mechanisms driving their formation remain enigmatic. In this study, we use a
comprehensive multiscale rheological approach to investigate the process of Fe- and Si-layer
formation within ice-rafted debris-bearing samples from Brazil's Cryogenian Banda Alta
Formation (Urucum District). Our examination reveals compelling macroscopic, microscopic,

and crystallographic evidence, suggesting the presence of discernible layering before clast
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impacts occur, challenging the proposed diagenetic layering formation. Exploring a raised
alternative depositional hypothesis, we question whether the estimated depositional timeframe
would be sufficient for diagenesis to achieve the proper layering definition through silica
cementation. At last, we argue for primary alternating iron and silica depositions as the most

plausible depositional mechanism for iron formation genesis.

INTRODUCTION

Iron formations (IFs) are Precambrian exclusive rocks renowned for their alternating
layers of iron and silica, housing the world's largest iron ore reserves (Bekker & Kovalick, 2020).
Beyond their economic significance, they provide invaluable insights into Earth's ancient
geological history and offer a window into the dynamics of the early atmosphere and hydrosphere
(Raiswell & Canfield, 2012; Swanner et al., 2020). Nevertheless, understanding their depositional
processes remains a significant challenge, due of to the lack of modern analogues and the intricate
post-depositional alterations these rocks have undergone (Konhauser et al., 2017).

Recently, debates surrounding the precursor sediment and mechanisms responsible for
the precipitation of iron and silica have been intensified (Bekker & Kovalick, 2020). These
discussions have gained momentum as researchers seek to replicate Precambrian environments
and the conditions that led to the IF genesis (e.g., Halevy et al., 2017; Rasmussen et al., 2021,
Chorney & Chemtob, 2023). The conventional notion of primary, alternating deposition of iron
oxides and silica (Bekker et al., 2010; Konhauser et al., 2017) is currently being questioned by
the emergence of novel hypotheses, including the co-precipitation of homogeneous Fe-Si gels
(Percak-Dennett et al., 2011; Wu et al., 2012; Reddy et al., 2016; Zheng et al., 2016) and the Si-
variable greenalite muds (Rasmussen et al., 2021). Consequently, the scientific community finds
itself immersed in discussions concerning the origin of the layering.

Here, we investigate the temporal aspects of Fe- and Si-layer genesis using a multiscale
rheological approach, with a specific focus on the Banda Alta Formation (Urucum District, Brazil;
Walde & Hagemann, 2007; Freitas et al., 2021; 1Supp. Material — SI1). Our samples include those
with a synsedimentary glacial feature, ice-rafted debris (IRD), such as dropstones (Bennett et al.,
1996; Le Heron et al., 2020), to establish correlations between soft-sediment deformation
structures and clast impacts within the layers (e.g., Bronikowska et al., 2021). We conducted
macroscopic, petrographic, and crystallographic investigations, as detailed in the *Supp. Material
(S12), to shed light on the timing of layer formation. Additionally, we examine the diagenetic

history and thermal effects of this unit by assessing clay mineral paragenesis and Kubler Indexes.
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ICE-RAFTED DEBRIS (IRD) IN THE BANDA ALTA FORMATION

The Banda Alta Formation is an IF dominated-succession with wide lateral continuity
and persistent plane-parallel bedding (Fig. 1A; Frei et al., 2017). Therefore, any disturbances in
the well-defined parallel pattern become remarkably evident, particularly with the occurrence of
IRD. Numerous size-variable clasts are observed both at outcrop scale (Fig. 1B) and in hand
samples (Fig. 1C; 1D), as described by Freitas et al. (2021). Macroscopically, we can identify the
impact structures beneath the clasts, deflecting the expected plane-parallel laminations (Fig. 1B;
1C; 1D). These disturbances penetrate about half of the clast diameter (Figs. 1B; 1C), similar to
the findings of Le Heron et al. (2020). Ultimately, as the clasts are overlapped, we observe a
settling lamination that accompanies their irregular shapes, until the layers revert back to the
undisturbed parallel pattern (Figs. 1B; 1C).

The analyzed thin section (Fig. 2) represents a jaspilitic chert-hematite facies, in
accordance with the descriptions by Angerer et al. (2016). The sample exhibits well-defined layers
(Fig. 2A,; 2B), with textural and mineralogical differences between layers (Fig. 2D). The Si-rich
layers comprise a fine-grained hematite-impregnated chert, with gangue-rich matrix, while the
Fe-rich layers contain a fine-grained mixture of anhedral to microplaty hematite, accompanied by
minor gangue components (e.g., Angerer et al., 2016).

Microscopic analysis reveals the effects of the IRD impact on the parallel laminations
through their deflection and variations in the layer thickness (Fig. 2C). In undisturbed areas, the
IF displays alternating layers with lateral continuity, parallel bedding, and consistent intra-layer
thickness (Fig. 2B). Contrastingly, the IRD-disturbed area (Fig. 2C) shows a deflection of
laminations and thinning of the underlying layers (Fig. 2E; 2F). Bulges with larger thickness,
positioned adjacent to the clast, can be observed within the central Si-rich layer (Fig. 2A; 2E),
indicating its development in response to the clast impact (e.g., Bronikowska et al., 2021).

Particularly, the central 1 mm-thick Fe-rich layer (Fig. 2A) can be traced from the
undisturbed parallel texture to the impact-disturbed area (Fig. 2C). Adjacent to the clast, this layer
exhibits a noticeable inflection texture, with the parallel lamination diverging into two (Fig. 2C).
Under the clast, the lamination deflects due to its weight, reducing its thickness from 0.5 mm
(near the marked rectangle in Fig. 2C) to around 0.1 mm (Fig. 2E; 2F). Contrastingly, the upper
part of the layer shows deflecting laminations above the clast, thinning as they progress upwards
(Fig. 2C).
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Fig.2

(Thin section)

Figure 1. Macroscopic observations of the Banda Alta IF at VETRIA Mine. A) Two-scales mine
front outcrops showecasing plane-parallel layering and wide lateral continuity. B) Mine front
outcrops of IRD with ~30 cm clast, disrupting the plane-parallel pattern. C and D) IF samples
with centimeter-sized IRD. In D, the petrographic thin section location is marked.
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1000pm
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Figure 2. Petrography (reflected light and N// setting). A) Thin section from Fig. 1D, with
subsequent photomicrography demarcated by yellow rectangles. B) Plane-parallel undisturbed
layered area within the IF. C) Intra-layer lamination inflection at the area adjacent to the clast. D)
Textural and mineralogical distinctions between layers (red rectangle; Fig. 2C). E and F)

Deflection and thinning (“H” to “h”, red line) of lamination beneath the clast.

To gain a deeper understanding of how minerals respond to deformation structures, we
investigate the crystallographic orientations of hematite particles (Fig. 3), which constitute the
primary iron oxide phase in our sample (:Supp. Material — SI3). These analyses’ viability is rooted
in the minimal thermal impact observed within the Banda Alta IF (*Supp. Material — S14), hinting
at the potential preservation of its primary features and an early mineralogy.

Crystallographically, hematite a-Fe203 is isostructural with corundum a-Al203 and
crystallizes in the trigonal D_3d"6 space group, where are observed seven Raman modes (2Alg
+ 5EQ). These are the vibrational modes with Alg symmetry at 225 and 500 cm-1, Eg symmetry
at 245, 294, 298, 412 and 610 cm—1 and longitudinal optical (LO) branch bands at ~660 (1LO)
and ~1320 (2LO) cm—1 (Marshall et al., 2020). We observe them in both parallel- (red spectra)
and cross-polarization (black spectra) configuration of the Raman spectra within all 4 sites (Fig.
3A).

According to the selection rules, if the propagation direction of the incident light is
perpendicular to the basal plane single crystal of hematite (perpendicular to the z optical axis),
the Eg modes are allowed only in the cross polarization configurations (z(x,y)z and z(y,x) z ),

while Eg + Alg modes are Raman allowed in parallel polarization configurations (z(x,x)z and
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z(y,y)z). Additionally, if the light propagation direction incident is perpendicular to the prismatic
facet (y face) of the single crystal of hematite, the Eg and Alg modes are allowed in the
configurations y(x,z)y and y(z,z)y, respectively.

Considering the selection rules and the comparative analysis of spectral intensities (Fig.
3), we observe a progressive attenuation of most Raman signals (red spectrum), except for the
Alg, which was used as a normalization standard. At the undisturbed site (R1), we identify
complex spectra (Alg+Eg modes) corresponding to a more basal facet observation (Marshall et
al., 2020). Alternatively, at the most deformed site (R4), the predominant spectrum in red is the
Alg mode, whereas the spectrum in black presents all seven hematite’s active modes. Notably,
the R4 site corresponds to a more prism facet observation, despite the non-perfect alignment, once
we can still identify the Alg modes within the black spectrum (Marshall et al., 2020). These
observations collectively suggest a c-axis orientation deviation in hematite, resulting from particle
rotation.

Moreover, there are differences within the orientations and configurations of the polar
plots of Raman modes (Fig. 3B). Regarding the Eg modes from R1 to R4, we observe a
progressive decrease of inclination of this axis (which is perpendicular to the c-axis),
accompanied by a configuration variation, from an elliptic (R1) to a two-fold symmetry (R4)
shape, which can be related to an increasing disturbance within the Raman tensors. Note that the
usage of the Alg mode at 225 cm-1 as the standard for normalization is certified by the circular
pattern on the polar graph of the A1g mode at 497 cm-1. The 2LO mode don’t show significant
inclination or configuration variations.

Through EBSD analyses, we examined the crystallographic texture of two distinct sites
within the thin section: Site 1, located adjacent to the clast, and Site 2, positioned below the clast
(Fig. 3). While the EBSD results showed limited indexation within the inverse pole figure maps
(*Supp. Material — SI5), which could be attributed to the small grain size and low crystallinity of
iron oxides, we were able to interpret the findings in relation to the indexed hematite pole figures
(Fig. 3C; 3D). In both sites, a consistent pattern emerged, with the hematite {0001} basal planes
preferentially aligning with the X-axis, displaying a subtle negative inclination, while the {11-

20} and {01-10} planes exhibited a slight inclination with respect to the Y-axis.
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Figure 3. Raman Spectroscopy and EBSD results within the sites pointed in the thin section sketch
(left). A. Stack plot of Raman spectra collected at the thin section plane from R1 to R4. B)
Intensity polar plots representing four observed Raman modes from all four sites. C and D.

Indexed hematite pole figures from Site 1 and 2.

DISCUSSIONS AND CONCLUSIONS

In the literature, the depositional hypothesis for the layering formation postulates that
alternating paleoenvironmental conditions influenced the precipitation of either silica or iron
oxides (Bekker et al., 2010; Konhauser et al., 2017; Li et al., 2017). This depositional mechanism
is supposed to respond to seasonal temperature fluctuations, with or without biological
contributions (Posth et al., 2008; Schad et al., 2019), or even as a direct sedimentary response to
orbital cyclicity (Rodrigues et al., 2019; Lantink et al., 2019, 2022; Mitchell et al., 2021). In
extending the discussion on the depositional hypothesis, we must consider Rasmussen et al.,
(2021)'s proposition, suggesting greenalite as the most likely mineral precursor for IFs. This
challenges the notion of a purely depositional origin for the layers, instead proposing a mechanism
involving a “proto-layering” through the deposition of greenalite mud layers with varying silica
content. In this scenario, the definitive layering would form diagenetically, driven by differences

in silica cementation (Rasmussen et al., 2021).
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A second origin hypothesis proposes a homogeneous Fe-Si gel coprecipitation
mechanism, with band separation occurring during diagenesis (Wu et al., 2012). Experimental
research on IF genesis supports this hypothesis, as it resulted in a coprecipitate featuring a unique
Fe-Si-O network formed through the oxidation of Fe+2 in the presence of abundant dissolved
silica (Percak-Dennett et al., 2011; Wu et al., 2012).

To thoroughly explore these two hypotheses, we chose the Banda Alta IF for its favorable
characteristics, as previously outlined. Our observations, from macroscopic to microscopic (Fig.
1; 2), reveal notable layer distortions, deviating from the expected plane-parallel pattern,
attributed to the IRD impact. The impact effects are also evident in the crystallographic orientation
of hematite in both analytical methods (Fig. 3). In sites disturbed by IRD, we detected a flattening
orientation of hematite's basal plane, likely a consequence of compaction resulting from the

impact and hematite’s anisotropy (e.g., Li & Kodama, 2016; Fig. 4).

(Al

hematite c-axis

\)/\/\/\
N7

Figure 4. A) 3D schematic representation of the layering observed within the analyzed IF sample.

B and C) Visualization of crystallographic investigation results: hematite particle orientations. In
the undisturbed site (B), hematite's c-axis inclination is apparent, indicating a preference for the
basal facet observation. In the IRD-disturbed site (C), hematite's basal plane exhibits a flattened

orientation, indicated by a more verticalized c-axis.
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To reinforce our discussions, we should factor in the element of time, encompassing both
estimates of sedimentation rates and the duration of diagenetic processes. While these layers have
previously been suggested as "chemical varve-like deposition™ with annual significance (e.g.,
Schad et al., 2019), recent advances in sedimentation rate estimation through cyclostratigraphic
analysis have revealed significant disparities (e.g., Rodrigues et al., 2019; Lantink et al., 2019,
2022; Mitchell et al., 2021). With this approach, sedimentation rates for Archean and
Paleoproterozoic IFs average 1 cm/kyr (Rodrigues et al., 2019; Lantink et al., 2019, 2022), while
Neoproterozoic IFs range from 3 to 4 cm/kyr (Mitchell et al., 2021).

With the reviewed hypotheses, cyclostratigraphic sedimentation rate estimates, and
collected data, we can now address the temporal aspect. When closely examining the layering at
a microscopic scale, a mean thickness of about 1 cm per layer roughly equates to 1 kyr. Notably,
the contact between layers just below the clast, marked in Fig. 2, is situated 0.1 to 0.3 mm from
the clast contact. Given IF sedimentation rates of 1 to 4 cm/kyr, this implies a timeframe of 2 to
30 years.

Based on the applied approach and while acknowledging the influence of compaction on
IFs thickness (e.g., Altermann & Nelson, 1998; Schad et al., 2019), we can rule out the
homogeneous coprecipitation hypothesis as a plausible scenario for IF genesis. This conclusion
is drawn from observed layering perturbations across the various scales, implying at least some
layer definition prior to the clast impact. Additionally, within the greenalite-depositional
hypothesis proposed by Rasmussen et al. (2021), we have encountered challenges related to the
limited diagenetic timeframe. We must question if the time available is sufficient for diagenesis
to establish layering through silica cementation, especially when considering the well-defined
layer contacts disrupted by the synsedimentary clast impact (Fig. 1; 2).

Furthermore, our crystallography results reveal a preferential orientation of hematite's
basal plane within the disturbed areas, likely due to clast impact (Fig. 4). One might question the
primary nature of these orientations. In our examination of the Banda Alta IF literature, a
suggested phase transformation pathway emerges, involving the transition from ferrihydrite to
hematite and recrystallized hematite (e.g., Angerer et al., 2020). If this indeed represents the
accurate mineralogical sequence, and considering the potential structural continuity between
ferrihydrite and hematite (Cudennec & Lecerf, 2006), it's reasonable to propose that the observed
hematite orientations retain a primary crystallographic memory. However, for a more in-depth
understanding, further investigation into orientation inheritance and the potential role of
dislocation creep as a reorienting mechanism is essential (e.g., Ferreira et al., 2016; Dutta et al.,
2022).

In conclusion, our research presents compelling evidence supporting primary alternating
iron and silica depositions as the dominant mechanism governing IFs genesis. While we highly

value the importance of simulating Precambrian environments as a crucial tool to enhance our
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understanding of IF genesis, our findings offer an alternative perspective and a distinct outcome,

rooted in natural sample observations.
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8. MILANKOVITCH IMPRINT AND PALEOENVIRONMENTAL CONSTRAINTS ON
IRON FORMATION DEPOSITION OVER CRYOGENIAN GLACIATIONS

A cicloestratigrafia consiste na area de estudo da estratigrafia que busca a correlagéo entre
os padrdes ciclicos nos registros de rochas sedimentares, as mudancgas ciclicas nos parametros
orbitais da Terra, i.e., os ciclos de Milankovitch, e as variagdes climaticas do planeta Terra (e.g.,
Weedon, 2003; Hinnov, 2013; Hinnov, 2018). Esse tipo de estudo se baseia na teoria
Milankovitch, que demonstra que mudancas orbitais afetam o clima do planeta ao longo da
histdria geoldgica (Weedon, 2003). Dessa forma, realizamos uma analise cicloestratigrafica de
uma secdo de formac0es ferriferas da Formacdo Banda Alta, do Distrito de Urucum, utilizando a
susceptibilidade magnética como proxy. Essa analise tem como objetivo principal a identificacdo
de registros periddicos a quase-periddicos ao longo da sucessao sedimentar e sua correlagdo com
0s parametros orbitais. Apresentamos a seguir 0 manuscrito em revisdo, submetido ao periodico
SCIENTIFIC REPORTS em maio de 2023.

RESUMO: Processos sedimentares ligados a formagdes ferriferas sdo um tema de longa discusséo
nas Ciéncias da Terra, e novos subsidios sobre seus mecanismos de inducdo sdo essenciais para
uma melhor compreensao desses depoésitos pré-cambrianos. Neste estudo, realizamos analises
cicloestratigréaficas e geoquimicas de uma notavel se¢do criogeniana ndo-metamorfica de ~40m
da Formagdo Banda Alta (Distrito de Urucum, Brasil) com o objetivo de investigar as condi¢des
paleoambientais e os mecanismos de forcagem dessa deposicdo enquanto as glaciacBes
Neoproterozoicas. ldentificamos um claro registro de ciclos Milankovitch embutido nos dados de
suscetibilidade magnética e taxas de sedimentacdo variando de 1.8 a 0.7 cm/kyr. O intervalo
inferior (mar raso) exibiu um amplo conteldo de frequéncia espectral, incluindo maiores
frequéncias, possivelmente indicando oscilagGes climaticas de periodos mais curtos influenciando
a deposicdo de Fe e Si, induzida pela proximidade da redoxclina. Por outro lado, o intervalo
superior, correspondente & uma configuracdo de mar mais profundo, exibe um registro de
excentricidade longa (405 mil anos; baixa frequéncia) predominante, em detrimento de
frequéncias maiores. Esse registro € confirmado pela correlagdo geoldgica-geoquimica-orbital,
fornecendo, portanto, evidéncias da influéncia orbital nos efeitos das mongdes e nas construcoes
de fluxos de &gua derretida dentro da dindmica da geleira no periodo Criogeniano. PALAVRAS-

CHAVE: Cicloestratigrafia, formagoes ferriferas, Neoproterozoico, dindmica glacial, redoxclina

HIGHLIGHTS:

e A analise cicloestratigrafica confirma o registro de ciclicidades com proporcdes de ciclos
de Milankovitch, apontando, portanto, a influéncia orbital na deposicao dessas formagdes

ferriferas;
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e Sugerimos uma idade relacionada a glaciagdo Sturtiana para a Formagdo Banda Alta, ao
projetar as taxas de sedimentacao obtidas, pela cicloestratigrafia, na espessura estimada
da unidade;

e Observamos um contraste na andalise espectral entre as por¢fes superior e inferior da
secdo analisada, e sugerimos uma interpretagdo espectral que corresponde & um contraste
ambiental, com aumento do nivel de base ao longo da secédo e, consequentemente, uma
variacdo da posigdo relativa da redoxclina, observavel como uma reducéo de taxa de
sedimentacdo, ao longo da sesséo;

e Indicamos uma correlacdo geoldgica, geoquimica e orbital, e interpretamos como
influéncia orbital nos efeitos das moncdes e construcdes de fluxos de agua derretida

dentro da dindmica da geleira no periodo Criogeniano.

MILANKOVITCH IMPRINT AND PALEOENVIRONMENTAL CONSTRAINTS ON IRON
FORMATION DEPOSITION OVER CRYOGENIAN GLACIATIONS
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ABSTRACT: Sedimentary processes linked to iron formations are a long-term debatable subject
in Earth Sciences, and new subsidies on its induction mechanisms are essential for a better
understanding of these Precambrian deposits. In this study, we performed cyclostratigraphic and
geochemical evaluation of a remarkable, ~40m non-metamorphic section of the Cryogenian
Banda Alta Formation (Urucum District, Brazil) aiming to investigate the paleoenvironmental
constraints and forcing mechanisms in the Neoproterozoic glaciations. We identified a clear
Milankovitch imprint embedded in the magnetic susceptibility data and sediment accumulation
rates ranging from 1.8 to 0.7 cm/kyr. The lowermost (shallow marine) interval exhibited a wide
spectral frequency content, possibly indicating shorter climatic oscillations influencing the
redoxcline-induced Fe-Si deposition. Conversely, the uppermost, deeper setting interval exhibits
a predominant 405-kyr eccentricity record, which is confirmed by geological-geochemical-orbital
correlation, hence providing evidence for orbital influence on the effects of monsoons and

meltwater-streams contructions within the glacier dynamics at Cryogenian times.
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The Neoproterozoic Era witnessed significant changes in Earth's paleogeography,
paleoenvironment, and biochemistry, making it a crucial period in the planet's history [1; 2]. It
was also the last time when exclusive Precambrian rocks, the iron formations (IFs), occurred [3].
These formations are the result of chemical precipitations from iron-rich oceans in an O,-depleted
atmosphere [4] and serve as reliable geological archives for studying paleoenvironments [5].

During the Neoproterozoic, the Earth's atmosphere underwent significant changes,
including the establishment of atmospheric O, during the Neoproterozoic Oxidation Event [6],
changes in CO, consumption [1], and global glaciations [7; 8; 9]. These climatic disturbances
triggered the deposition of iron formations, their genesis being usually linked to rift basins in a
glacial context [5; 10].

In recent years, cyclostratigraphic analysis has become a modern and popular tool for
investigating Precambrian paleoenvironments, complementing stratigraphic and/or geochemical
data [11; 12; 13; 14; 15; 16]. Despite significant uncertainties in orbital interpretations going back
to 50 Ma, researchers have increasingly accepted the ~ 405-kyr long eccentricity as highly stable
throughout geological times [12]. This cycle is determined by the g2-g5 orbital perihelia of VVenus
and Jupiter and stabilized by the latter's large mass [12; 17]. Lately, new cyclostratigraphic
investigations have focused on the orbital imprint in iron formations [15; 18; 19; 20], providing
insights into Precambrian Earth-Moon dynamics and offering valuable information for
paleoenvironmental reconstructions.

For the purposes of our research we carried out a high-resolution cyclostratigraphic
analysis in a glacially-related Neoproterozoic IF - the Banda Alta Formation (Jacadigo Group) at
the Urucum District in western Brazil. In spite of several lithological, geochemical and tectonic
studies and considering the lack of datable rocks within the IF or adjacent units [21; 22], here we
show there is still a lack of consensus regarding the depositional model and its chronostratigraphic
estimates. Along this article, we present new insights on the debatable subjects by using magnetic
susceptibility (MS) data as our cyclostratigraphic proxy, coupled with geological and
geochemical investigations. Our main goals are: (i) to estimate the nature and the timescale of the
oscillations revealed by the MS data; (ii) in the case of orbital imprint, to evaluate sedimentation
accumulation rates (SARs) and to interpret the paleoenvironment responses linked to the Urucum

IF genesis; and (iii) to discuss a possible depositional age considering our SAR estimates.

GEOLOGICAL SETTING

The Urucum District (Western Brazil; Fig. 1A) is the site of a major Neoproterozoic
glacially-related Fe-Mn ore deposit, the Banda Alta Formation (Jacadigo Group; Fig. 1B and C)
[23]. The region comprises a morphological scenario of tabular mountains of Fe and Mn ores with

reserves of about 36 Gt (the Banda Alta Formation) surrounded by a tropical wetland (the
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Brazilian “Pantanal”) [23]. It is located in the Corumbad region, near the border between Brazil
and Bolivia (Fig. 1A), and contains part of the Paraguay Belt, a late Pan African Brasiliano age
fold belt [24; 21]. The geotectonic context of the region consists of a NE-SW graben environment

at the margins of the Amazon craton within a major compressive setting (Fig. 1B) [25].
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Fig. 1 — A. Geological map (above) of the Corumba region and cross section of the Corumba
graben (below; modified from Angerer et al. (21)). The location of the studied drill core is
indicated by the red star. B. Global paleogeography reconstruction for Sturtian onset at 720Ma
(9; 1). C. Generalised stratigraphic column of the Jacadigo Group with stratigraphic formation
terms according to Dorr (26) and Banda Alta Formation facies (modified from Angerer et al.

(@7)).

Hematite-rich iron formations are the main lithology of the Banda Alta Formation, which
can also present a carbonate composition and has intercalations of siliciclastic rocks, diamictites,
manganese ore (Fig. 1C) [26; 21]. It is important to emphasize that these IFs did not record
significant alteration processes and only show subtle metamorphism impressions [27].
Interestingly, an aspect of the Banda Alta IF is the local occurrence of a nodular texture, instead
of a banded aspect [28].

The Jacadigo Group lacks direct geochronological data and there is still no consensus on
which Neoproterozoic glaciation event it is related to [22]. Basement granites present igneous
K/Ar age of ca. 889+44 Ma [29]. By using “°Ar/*Ar method in diagenetic cryptomelane within

Mn formations near the base of the C6rrego das Pedras Formation, Piacentini et al. [30] calculated
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the minimum age for the Jacadigo Group as 587+7 Ma, while, according to U-Pb zircon dating in
the Banda Alta Formation [31], its maximum depositional age is 695+17 Ma. On the other hand,
Freitas et al. [22] presented the possibility that both Neoproterozoic glaciations may have been
recorded within the Jacadigo Group, the Sturtian in the Urucum Formation and the Marinoan in

the Banda Alta Formation.

RESULTS

MS and geochemical variations along the analyzed section

The analyzed section has approximately 40 meters and it displays a dolomite-chert-
hematite iron formation [21] in which we can distinguish two different rock textures, nodular and
banded, within the upper and lower intervals of our dataset, respectively (Fig. 2A and 2B). This
subdivision coincides with a previous proposition for this drill core’s facies [27]. Moreover, we
observe levels of granular IF facies (GIF; Fig. 2A) recurrent in the section's top, between 202.80
and 214.0 m, and also at around 232 m, displaying no observable disturbance patterns along the
MS dataset (Fig. 2B and C).

The MS dataset varies between 1.83 and 0.17 x 10 Sl units (Fig. 2C) throughout the
section and will be discussed more thoroughly within the time series analysis. Variations of
geochemical profiles Fe+Mn, P and Al+K+Ti+Zr, all in %, are shown in Fig. 2D. The Fe+Mn
profile shows great variance, ranging from 2.24 to 76.7%, (Fig. 2D), and corresponds to the IF’s
nature in which the alternation of chert/dolomite and iron oxide bands is expected. The P profile
ranges between 0 and 1.82%, whereas the terrigenous elements profile (Al+Ti+K+Zr) varies
between 0.23 and 10.56%, both of these geochemical series showing pronounced peaks on the

upper interval, especially in the range 204 — 208 m (Fig. 2D).

Time series analysis and statistical evaluation

Significant low- and high-wavelength quasi-periodic contents were observed in the
spectral analysis (MTM and EHA) of the MS dataset, revealing many statistically significant
spectral peaks above the 99% confidence level (Fig. 3). However, an examination of the EHA
(Fig. 3B) revealed two quite distinctive evolutionary patterns for the presumed 405-kyr signal,
clearly divided at 220.0 m, about which two possible scenarios arise: either (i) the 405-kyr band
exhibits a quite stable record (~ 1/628 cm) through the lower stratigraphic interval and a broader
405-kyr band in the upper interval, ranging from 1/765 to 1/179 cm™ with a main record at ~
1/219 cm’%; or (ii) the observed lower frequency record (~ 1/650 cm™, in both intervals) represents
the long-term amplitude modulation cycle (“MSB” — Myr-scale band) and the 405-kyr signal
exhibits a near constant record ( ~ 1/250 cm™) all over the MS dataset. In the latter scenario, the

405-kyr signal exhibits lower spectral power and amplitude compared to higher frequency signals
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at depths below 220.0 m. Furthermore, such differences could also be observed in terms of the
different rock textures — banded (lower interval) to nodular (upper interval) — matching the facies
division around 220.0 m proposed by Angerer et al. [27]. Therefore, considering the raised
scenarios, our cyclostratigraphic analysis was performed by subdividing the dataset into these two

stratigraphic intervals (Fig. 4 and 5).
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Fig. 3 — Spectral analysis of the entire MS dataset (202.8 — 238 m). The wavelengths of spectral
peaks are labelled in cm. The spectral analysis is presented in its full range of frequency (A) and
with frequency’s zoom from 0 to 0.065 cycles/cm (B; marked in dashed red line, in A). In A and
B, the MTM power spectra of the MS dataset, with the AR(1) red noise model and 90%, 95%,
99%, and 99,9% confidence levels (above), and the evolutionary FFT spectrograms though the
analyzed section (below).

For the lower interval (220 — 238 m), the MTM and EHA reveal many spectral peaks
exceeding the 95% confidence level (Fig. 4A). Considering the distinctive evolutionary patterns
and the raised scenarios, we present two possible cyclostratigraphic interpretations for the lower
interval. According to Hypothesis 1 (H1), the 405-kyr band lies beneath the cutoff frequency of
1/500 cm?, with the main record found at 1/816 cm™, and was mostly observed using the MTM
analysis. Alternatively, Hypothesis 2 (H2) represents the 405-kyr band constrained between 1/500
—1/130 cmt, with a main record at 1/179.7 cm™. The latter hypothesis displays spectral evidence
through the EHA between 220 — 221 m and between 235 — 238 m, even though it is positioned
below 90% confidence level in the MTM analysis. Moreover, within the H2, we suggest that the
main record at ~ 1/816 cm™ is related to the MSB signal (Fig. 4A) also observed at ~ 1/628 cm™*
in the entire MS dataset analysis (Fig. 3) [12; 32]. This long-term amplitude modulation cycle has
already been reported in other IF cyclostratigraphic analyses [18; 19; 20].

111



Lower interval of the MS dataset (220.0 - 238.0 m)
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Fig. 4 — A. Spectral analysis of the lower interval of the MS dataset (220 — 238 m), in the
stratigraphic domain, with the interpreted orbital band solutions for Hypothesis 1 (H1) and
Hypothesis 2 (H2). The 2r MTM power spectra present the AR(1) red noise model removal and
mark the 90%, 95%, 99%, and 99,9% confidence levels. The wavelengths of spectral peaks are
labelled in cm. For the interpretation of spectral bands, we assigned: “E” for 405-kyr long
eccentricity, “e” for short eccentricity, “O” for obliquity and “P1/P2” for precessions components.
B. The resulting Gaussian bandpass filters for long (E) and short (€) eccentricities, for both

hypotheses (H1 and H2).

The wavelength ratios of the spectral peaks for H1 (816.8:179.7:58.7:29.6 = 27.6:6:1.9:1;
Fig. 4A) resemble the predicted Milankovitch spectral peak ratios for the Cryogenian Period
(405:100:30.2:16.2 = 25:6.2:1.8:1), as well as the ones for H2 (179.7:58.7:12.4:8.5:7.4 =
24.2:7.9:1.6:1.2:1; Fig. 4) in relation to the predicted Milankovitch ratios of
(405:131:30.2:19.5:16.2 = 25:8:1.8:1.2:1).

Regarding the interpretations of the spectral peak bands, we can suggest the precession
parameters P1/P2 (~19.5 and ~16.2 kyr) as 32 — 28 cm for H1 and 8.7 — 7.2 cm for H2. The
obliquity (O) parameters would correspond to 78 — 50 cm for H1 and 13.3 — 12.1 cm, for H2. The
short eccentricity spectral bands can be interpreted as 390 — 130 cm for H1 and 73 — 32 cm for
H2, even though the first (H1) corresponds to spectral peaks below 90% confidence level. To
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isolate these two possibilities of long and short eccentricity components, we have performed a
Gaussian band-pass filtering (Fig. 4B), respecting the mean 1:4 cycle ratio (Fig. 4B), for both H1
and H2. As a result, the obtained orbital solutions for the lower interval show SAR of ~1.8 cm/kyr,
for H1, and ~ 0.7 cm/kyr, for H2.

For the upper interval (202.80 — 220 m), MTM and EHA analyses (Fig. 5A) revealed
many statistically significant spectral peaks above the 95% confidence level and a main stable
record, in lower frequencies, above the 99% confidence level. This main record is assigned to the
405-kyr signal, with a band ranging from 1/505 to 1/156 cm™ and a mean signal at 1/238.7 cm™.
To isolate the long eccentricity component, we have performed a Gaussian band-pass filter (Fig.
5A and 5D), which was applied later on to allow the stratigraphic time domain spectral analysis
(Fig. 5B). The wavelength ratios verified for the spectral peaks of the upper interval
(238.7:54.4:23.5:10.8:9.9 = 24.1:5.5:2.4:1.1:1; Fig. 5C) present great similarities to the predicted
Milankovitch spectral peak ratios for the Cryogenian Period (405:95:30.2:19.5:16.2 =
25:5.9:11.8:1.2:1).

We can suggest the interpretation of the spectral peak bands for the upper interval (Fig.
5C) of 11 — 9.5 cm as the precession parameters P1/P2 (~19.5 and ~16.2 kyr) and 22 — 18.5 cm
as its corresponding spectral bands for obliquity (O). In view of our orbital analysis, throughout
the stratigraphic time domain (Fig. 5B), we indicate the prevalence of the 95-kyr short eccentricity
signal (~ 54 cm) and can interpret the spectral band of 86 — 38 cm as the short eccentricity (“e”;
Fig. 5C). Additionally, the observed spectral record ~ 1/780 cm™ could stand for the MSB (Fig.
5C) [12; 32]. Its period corresponds to approximately 1.2 Myr, as suggested through the spectral
analysis (Fig. 5B). Comparing the Gaussian band-pass filters for long and short eccentricities,
they respect the mean 1:4 cycle ratio (Fig. 5D). In conclusion, our orbital solution shows a SAR
of ~ 0.7 cm/kyr for the upper interval.

To evaluate the obtained SARs, we have performed TimeOpt analyses for the separated
intervals (Fig. 6). The lower interval (Fig. 6B) points towards a highly significant result for a SAR
of ~1.7 cm/kyr, i.e. Hypothesis 1 (r%p = 0.15), in accordance with envelope vs. reconstructed
model, periodogram vs. astronomical frequencies and with the eTimeOpt results. This interval's
null hypothesis tests agree with HO significant level of < 10 (Fig. S1). The upper interval (Fig.
6C) provides a significant result for a SAR of ~0.7 cm/kyr (r2,x = 0.06), in accordance with
envelope vs. reconstructed model and with periodogram vs. astronomical frequencies. Both the
evolutionary TimeOpt results and the null hypothesis testing agree with the outcome results, the
latter with an HO significant level < 102 (Fig. S2).
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Upper interval of the MS dataset (202.80 - 220.0 m)
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Fig. 5 — A. Spectral analysis of the upper interval of the MS dataset (202.8 — 220 m), in the
stratigraphic domain, with the interpreted 405-kyr eccentricity spectral band marked as “E”. B.
Stratigraphic time domain spectral analysis, using 405-kyr. C. Spectral analysis of the upper
interval of the MS dataset with the interpreted orbital band solutions. D. The resulting Gaussian
bandpass filters for long (E) and short (e) eccentricities. All three 2r MTM power spectra (A, B
and C) present the AR(1) red noise model removal and mark the 90%, 95%, 99%, and 99,9%
confidence levels. In A and C, the wavelengths of spectral peaks are labelled in cm and, in B, they
are labelled in kyr. For the interpretation of spectral bands, we assigned: “E” for 405-kyr long

(1P %4

eccentricity, “e” for short eccentricity, “O” for obliquity and “P1/P2” for precessions components.
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Fig. 6 — TimeOpt analyses of the separated analyzed intervals (upper and lower) of the MS dataset.
A. Lithological column. B and C. TimeOpt analysis for lower and upper intervals, respectively.
For both intervals, we present: Summary of the statistical results; Squared Pearson correlation
coefficients and its respective eTimeOpt analyses: for the amplitude envelope fit (r2envelope; red
dots), for the spectral power fit (r2 spectral; light gray line) and for the combined envelope and
spectral power fit (r2 opt), at each evaluated SAR; Periodogram (black line) given the TimeOpt
derived sedimentation rate (0.77 and 1.75 cm/kyr, for upper and lower intervals, respectively) and
eccentricity target periods (405, 131, 125 and 95 kyr) in vertical dashed red lines; Comparison of
the data amplitude envelope (red line) and the TimeOpt-reconstructed eccentricity model (blue
line); Comparison of the band-passed short eccentricity region (black line), and the data amplitude
envelope (red line) determined via Hilbert transform.
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DISCUSSIONS

Orbital influence on the Banda Alta IF deposition: SARs and correlations

The cyclostratigraphic analysis for the Banda Alta Formation suggests a rhythmic
variability and hierarchical ordering of interpreted cycles. The striking observations of cycle
proportions for both lower (220 — 238 m) and upper (202.80 — 220 m) intervals, along with the
statistical results, advocate in favor of a recorded orbital forcing, meaning a Milankovitch
influence in the iron formation deposition [14], rather than an accidental happening of auto-cyclic
origin [20].

From a cyclostratigraphic approach, we present two interpretations for the lower interval
(220 — 238 m) analysis, differing at the 405-kyr signal (Fig. 4). The statistical TimeOpt analysis
favors Hypothesis 1 (SAR of ~ 1.8 cm/kyr), with an exceptional result of r2,: = 0.15 (Fig. 6),
while Hypothesis 2 (SAR of ~ 0.7 cm/kyr) presents rZ,: = 0.006 (Fig. S3). Additionally, the upper
interval (202.80 — 220 m) shows convincing and statistically-proven arguments for the obtained
orbital solution with a SAR of ~0.7 cm/kyr (Fig. 5). However, aligning the orbital solutions for
both intervals (considering H1) should have revealed evidence of a major depositional shift that
would have significantly impacted the SAR estimation (from 1.8 to 0.7 cm/kyr) along the
stratigraphic sequence.

To address this uncertainty, we compared the results obtained for obliquity and precession
parameters throughout the stratigraphic time domain (Fig. 5B and Fig. S4) to the Milankovitch
calculator parameters for the Cryogenian Period, obtained by Waltham’s model [13] (Fig. S5).
While we observed good compatibility for all obliquity and P1 precession parameters, including
for both hypotheses of the lower interval, there is an offset in the P2 result for H1 (Fig. S5).
Consequently, this estimation favors Hypothesis 2, showing near-constant sedimentation for the
entire analyzed section (with a SAR of ~ 0.7 cm/kyr), in contrast to the excellent statistical results
for H1.

Besides comparing our results to the calculator orbital parameters, we have paralleled our
obtained SARs with literature’s expected IF accumulation rates. Throughout our research, we
have recognized it as a knowledge gap, due to the few studies made and the absence of modern
analogues for these rocks [5]. To address this gap, we highly suggest employing time series
analysis. However, only four IF cyclostratigraphy references are available: the ~2.4Ga Kuruman
BIF with a SAR of 1 cm/kyr [18]; the ~2.4Ga Joffre Member with a SAR of 1 cm/kyr [19]; the
~2.5Ga Dales Gorge Member with two SARs, 1.87 cm/kyr and 0.22 cm/kyr [15]; and the
Cryogenian Holowilena Ironstone with a SAR between 3.7 to 4.4 cm/kyr [20]. Other studies
presented variable sedimentation rates, mostly between 0.3 to 4 cm/kyr [e.g., 33; 34; 35; 36].

Based on the literature, the SARs found in our study are plausible for both hypotheses of the lower
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interval and, interestingly, our results are more similar to the ones found for the Paleoproterozoic
than for the Cryogenian one.

The Holowilena Ironstone is the only Neoproterozoic IF cyclostratigraphy reference [20]
and it presents a large SAR range (3.7 — 4.4 cm/kyr) when compared to the results for the Banda
Alta Formation. There are similarities between both units, such as their Cryogenian age, rift basin
depositional environment, glacial geological records, and estimated low paleolatitude.
Nevertheless, other than the estimated SAR, another key difference between them is the iron
isotope signature, in which the Australian IF presents positive 5°Fe values [20] while the
Brazilian IF exhibits fractionated °Fe signatures, suggesting bacterial metabolic activity within
the iron cycle [e.g., 37]. Therefore, although we observe resemblances, it is worth considering if
the basin’s bacterial fauna and/or the basin restriction could have impacted the precipitation rate
of iron formations. It is worth noting that these low §%Fe, found in Banda Alta IF, also occur in
Paleoproterozoic IFs around the time of the Great Oxidation Event [37].

Considering the SARs obtained for the Banda Alta IF, we can also contribute to the
ongoing discussions regarding its depositional age. Recent studies have suggested both the
Sturtian and the Marinoan glaciations registered within the Jacadigo Group, linking the Banda
Alta Formation to the Marinoan glaciation [22]. However, using the extreme SAR ranges we
found, the entire ~360 m of the Banda Alta Formation [26; 21] would represent a geological
record of either 51 Myr (if the SAR was ~ 0.7 cm/kyr for the entire section) or 20 Myr (if the
SAR was ~ 1.8 cm/kyr for the entire section). Thus, based on this projection, the Banda Alta
Formation could not have been deposited during the ~15 Myr Marinoan glaciation [38; 39],

therefore suggesting a Sturtian depositional age.

Paleoenvironmental and paleoclimatic investigations of the Banda Alta iron formation

The introduced interpretation dilemma, especially for the lower interval, prompted a
paleoenvironmental investigation for the orbital hypotheses. As already stated, the Banda Alta
Formation is interpreted as a glaciomarine chemical precipitation on a (near-) restricted basin
likely covered by ice sheets and influenced by a redox-stratified seawater [40; 21; 41]. According
to Angerer et al. [27] (Figure 3b therein), the analyzed drill core DD-32-36 displays the lower
diamictite of the Banda Alta Formation, at the base (~ 300 m), and its middle diamictite, between
~36 — 52m. Considering that the diamictites are commonly associated with low sea level [42; 43]
and that the analyzed section (202.80 — 238 m) is constrained between these diamictite units, the
studied stratigraphic sequence probably reflects an increase in the base level, suggesting a glacier
retreat [44] or at least, within the “Snowball Earth” context, an ice sheet thinning [9].

Based on the results obtained, we can propose two scenarios for this sequence: (i) a
paleoenvironmental shift between both intervals with noticeable implications for the

sedimentation accumulation rates (Hypothesis 1, for the lower interval); or (ii) there is a near-
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constant precipitation along the entire MS dataset without major disturbances (Hypothesis 2).
Unfortunately, the lack of datable rocks hinders absolute dating, preventing us from certifying the
interpretation hypothesis for the lower interval. Nevertheless, our results can still be discussed in
order to understand the probability of these paleoenvironmental scenarios.

The cyclostratigraphic analyses for both intervals reveal two distinctive spectral patterns,
particularly within the EHA. The lower interval shows a wide variety of higher frequency spectral
records (Fig. 4 and 6A), whereas the upper interval exhibits a predominant main stable record
assigned to the 405-kyr signal (Fig. 5 and 6A). There may be two possible causes for the observed
spectral difference: (i) there may be two distinct intervals within the stratigraphic sequence with
a hiatus between them, at around 220 m, even though no evidence of a hiatus is observed; or (ii)
the sequence could be continuous, displaying an orbital record difference related to the variation
of the climatic oscillation influences in the basin due to the changes in the base level and,
consequently, in the redoxcline relative position, which is argued to be more likely.

The analyzed stratigraphic sequence suggests a probable sea level increase, in which the
sedimentation in the lower interval would have occurred at a lower sea level setting, subjected to
climatic oscillations with direct influences to the nearby fluctuating redoxcline, that induces the
alternated Fe-Si deposition [e.g., 37] (Fig. 7A). In fact, we observed higher frequency records in
the EHA pattern, suggesting the register of these short time-scale paleoclimatic oscillations. This
setting could have facilitated the development of banded textures [5], in which the redoxcline
fluctuations play a major role in the precipitation of iron oxides and chert, aligned with
temperature [45] and chemical triggers [37]. Contrastingly, the upper interval, with a more distal
setting and higher sea level, would present its deposition without disturbances provoked by higher
frequency environmental oscillations, resulting in fewer records of higher frequencies in the
MTM analysis (Fig. 7A). This translates to the observation of a main low-frequency spectral
signal rather than a variety of signals in the EHA. Furthermore, the observed texture within the
upper interval is nodular instead of banded, and although there are researches [28] correlating
these nodules to diagenetic processes, we observe this textural difference (banded to nodular)
combined with the paleoenvironmental contrast.

The upper interval, characterized by the predominant 405-kyr eccentricity record, has
revealed to be an ideal register for analyzing the induction mechanisms and their
paleoenvironment responses linked to the Urucum IF genesis. In this context, we were able to
suggest a monsoonal influence in the iron formation deposition, recorded by the 405-kyr signal,
with noticeable geochemical and lithological evidences, as follows. Although the eccentricity
variability has minimal effect on the total annual insolation, the eccentricity minima could have
caused a reduced seasonal contrast [11; 46], leading to a reduced monsoon response within the
probably thinner ice sheet environment. This condition would have enabled the construction of a

glacial hydraulic system (meltwater streams) [44; 47], allowing for the entrance of terrigenous
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elements and debris accumulation, as indicated by the geochemical profile. Furthermore, there is
an increase in bacterial productivity, reaffirmed by the pronounced peaks in the P profile (Fig.
7B), which could be a possible paleo-productivity proxy [48]. Additionally, the establishment of
this glacial hydraulic system would possibly have resulted in changes in water circulation and an

increase in the water energy system recorded by coarser facies (GIF levels; Fig. 7B).
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Fig. 7— A. lllustrative depositional scenario for the analyzed section of the Banda Alta Formation.
The lower scenario presents the deposition of the banded iron formation (lower interval; 220 —
238 m) in a low sea level setting, thicker ice sheet (h), influenced by the redoxcline and its effect
zone (gray arrows), with the associated EHA results. The upper scenario displays the deposition
of the nodular iron formation (upper interval; 202.80 — 220 m) in a higher sea lever context,
thinner ice sheet (h), under less influence of the redoxcline fluctuations, with the associated EHA
results. B. Correlation between granular facies, peaks of geochemical profiles (terrestrial input
and P content) and eccentricity curves, highlighted by dotted pink lines. From left to right:
Lithological column of the analyzed section; Gaussian bandpass filtering of the interpreted 405-
kyr long eccentricity for upper and lower intervals (H1 and H2); Raw MS dataset in grey;
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Geochemical depth profiles of the P content (in blue) and sum of the terrigenous elements

(Al+K+Ti+Zr; in orange).

Recent studies [e.g., 18] have advocated for an orbital forcing imprint on monsoonal
variability in the Kuruman BIF (~2.4 Ga), which would cause responses of continental runoff and
ocean circulation. However, these authors did not provide evidence of a specific orbital signal
within the stratigraphic record. In the Urucum deposits, we observed a correspondence between
the occurrence of GIF, the pronounced peaks in the geochemical profiles of terrestrial input
("Al+K+Ti+Zr") and P, as well as the 405-kyr eccentricity minima (Fig. 7B), particularly in the
upper interval. Unfortunately, we did not observe this correlation in the lower interval (Fig. 7B),
in which the existence of a thicker ice sheet can explain this discrepancy, as it creates difficulty
in constructing the glacial hydraulic system that provides the observed geological and
geochemical evidence. Although the monsoon influence is likely present throughout the entire
stratigraphic sequence, its record and evidence are conditioned by environmental factors and, in
the Banda Alta IF, possibly by the glacier thickness and its impact in the hydraulic system as well.

Based on these paleoenvironmental investigations, we can discuss the two scenarios for
the studied stratigraphic sequence: a decreasing accumulation rate (SAR from 1.8 cm/kyr to 0.7
cm/kyr) or a constant rate (SAR of ~0.7 cm/kyr). Considering the active impact of the redoxcline
within the iron oxide precipitation [21], the decreasing SAR scenario (Hypothesis 1) seems more
suitable. The shallower environmental context for the lower interval would indicate faster
accumulation (iron oxide precipitation) because of its proximity to the redoxcline, in contrast to
a deeper water setting in the upper interval. Although ice sheet thinning and the consequent
construction of meltwater streams would furnish surface O.-enriched waters [44; 47], their deeper
portion could still carry anoxic conditions and hence result in lower SAR in the upper interval.

The timing of the Neoproterozoic ocean's oxygenation is an intriguing subject [49; 50;
51; 52] and is speculated to have happened prior to 750 Ma [51; 53]. However, the Corumba
Group basin is suggested to have a redox-stratified water column with deep anoxic Ediacaran
waters [54], which is the exception in Ader et al.'s [51] compilation. Accordingly, the Banda Alta
Formation, the uppermost unit of the Jacadigo Group (stratigraphically below the Corumba
Group) [26], would present deep anoxic waters or, at least, an OMZ (oxygen minimum zone)
[51], contributing to the suggestion of a recorded paleoenvironmental shift with consequences for

the IF sedimentation rate.

CONCLUSIONS

Our cyclostratigraphic analyses for the MS dataset confirmed a recorded orbital forcing

in the IF deposition. The lower interval presents two interpretations, based on statistical analyzes
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and cycle proportions, either featuring sedimentation rates of 0.7 or 1.8 cm/kyr, in which the latter
was indicated as more plausible after a paleoenvironmental investigation. The results for the upper
interval provided a robust dataset, enabling an clear interpretation for a SAR of 0.7 cm/kyr. Based
on the association of the SARs and their projections with the thickness of the unit, we suggest a
Sturtian age for the Banda Alta Formation. Notably, the obtained SAR, along with the fractionated
Fe isotopic values, resemble the literature results for Paleoproterozoic IFs, thus the Urucum
District should be a target of further investigation in order to evaluate these similarities.

By performing a paleocenvironmental investigation within the analyzed sequence, we were
able to suggest an increase in the base level throughout the stratigraphy, and, consequently,
variations in the redoxcline relative position to the seafloor. In this context, the shallower lower
interval would display many higher frequency signals representing a record of shorter climatic
oscillations with influences on the redoxcline-induced Fe-Si deposition. The upper interval,
instead, would correspond to a more distal setting without disturbances of higher frequency
climatic oscillations, in which the short-term fluctuations of the redoxcline would not affect the
precipitation so directly. From this perspective, we mainly observe the stable 405-kyr record,
within the uppermost part, instead of a variety of higher frequency records.

All things considered, we are, then, able to suggest Hypothesis 1 (for the lower interval)
as the most suitable interpretation. We argue the observation of a variability in the orbital record
sensibility due to paleoenvironmental variations driven by an increase in base level, which in turn
is translated as a decrease in the accumulation rate from 1.8 to 0.7 cm/kyr. Furthermore, the clear
examination of the long eccentricity signal, particularly for the upper interval, enable a reached
correlation between the eccentricity minima to geological and geochemical evidence. On account
of that, we suggest a 405-kyr influence on the effects of monsoons with consequences in the

meltwater-stream constructions within the glacier dynamics.

METHODS

Drill core DD-32-36

We selected the 320 m drill core DD-32-36 in partnership with Vetria Mining for the
cyclostratigraphic study. This drill core was previously analyzed through petrography and
geochemical major oxides [21; 27] and it is stratigraphically related to the lowermost content of
the lower carbonate IF facies of the Banda Alta Formation [27] (Fig. 1C). The analyzed section
comprised the interval between 202.80 to 238.00 m, due to the (near-) continuous exposure of the
iron formation, without occurrences of different lithologies [21]. We chose the section below the
depth of the weathering and supergene process [21] in order to enable the analysis without cavities
formed by post-depositional processes. Then we performed two types of non-destructive in situ

acquisition analyses, the magnetic susceptibility and the X-Ray fluorescence.
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MS and XRF data acquisition

We opted to employ MS as a paleoclimatic proxy because of its efficiency in recording
climate-driven variations, according to its sensibility to changes in total iron concentration in
sediments [55; 56]. Regarding these characteristics, stratigraphic MS variations can properly
reflect the alternate nature of bands of chert/carbonate and iron oxide, hence its harmonic
signature [20]. The MS measurement procedures are fast and low-cost and were performed along
the section every 3 cm, avoiding fractures and veins, by using a hand-held portable Multi-
Parameter Probe, Model MPP-EM2S+ (GDD Instrumentation, Canada) (Supplementary Table 1).

The observation of geochemical variations is a great resource for paleoenvironmental
reconstruction studies [7] and so, in a glacially-covered basin such as the Urucum District, it is
fundamental to perform these geochemical investigations [5; 10]. To acquire the geochemical
data, we used a handheld portable XRF Spectrometer (X Olympus DELTA - Innov-X Systems,
UK). The X-ray beam covers a length of about 2 cm at the port and we performed the analyses
every 6 cm within the section between 202.80 to 225.0 m and every 40 cm between 225.0 to 238.0
m. We analyzed each sample 5 times in two beams (15 seconds for each one) and obtained 341
XRF-derived geochemical data points.

We have chosen the MS dataset as our cyclostratigraphic proxy because of its high
sampling resolution and continuity throughout the entire studied section (202.80 to 238.0m). We
did not observe the same desirable characteristics within the obtained geochemical dataset, which
presents two distinct sampling resolutions: every 6 cm in the upper portion and every 40 cm in
the lower portion. Furthermore, MS series have been recurrently used for time-series analysis in

sedimentary strata [56; 57; 58; 59], particularly in iron formations [20].

Cyclostratigraphic analysis

Prior to the cyclostratigraphic analysis (which was conducted by using the Acycle
software, version 2.4.1) [60], the MS dataset was log-transformed (in order to harmonize spectral
fluctuation), linearly interpolated, uniformly resampled every 3 cm and then linearly detrended.
The pre-whitened MS dataset underwent spectral analysis by means of a prolate multi-taper
spectral estimator (MTM) [61] against a robust first-order autoregressive red noise null model,
with mean, 90%, 95%, 99%, and 99.9% confidence levels. Aiming to evaluate possible transience
and or persistence linked to specific spectral frequencies recorded throughout the MS data, as
well as to identify possible fluctuations preliminarily in the sediment accumulation rate (SAR),
we analyzed the evolutionary spectrum by using the evolutionary Fast Fourier Transform (eFFT)
method [17; 62], with a running window of 700 cm and step rate of 6 cm. As discussed previously,

we performed the same procedures for two stratigraphic intervals of the MS dataset: upper (202.80
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— 220 m) and lower (220 — 238 m) intervals, considering a running window of 350 cm and step
rate of 3 cm for eFFT processing.

Estimates on the mean periods of precession and obliquity periodicities (which diminish
through time due to the tidal friction linked to the Earth-Moon system) are quite tricky for time
intervals that go as far back as 50 Ma [12]. To verify whether specific frequency domains
compatible to the precession/obliquity periodicities would be embedded in the spectral content,
we estimated the spectral peak ratios for the Cryogenian Period. For this estimate, we considered
the Cryogenian mean age as ~ 670Ma, according to the IUGS Chronostratigraphic Chart, and we
calculated it using the Waltham’s numerical model [13], which considers an increasing tidal
dissipation affecting the lunar recession rate through time.

The highly stable 405-kyr long eccentricity cycle has been considered as the most suitable
metronome in astrochronology [12; 17]. To isolate the long-eccentricity component sinusoidal
curve from the MS dataset, we have performed a Gaussian bandpass filter based on the long
eccentricity spectral band inferred from the MTM and EHA analyses. To access orbital
parameters derived from our interpretations, we have built a ~405-kyr tuned age model for the
studied MS dataset, based on the acquired long-eccentricity bandpass filter output.

Furthermore, the evaluation of an optimal sedimentation accumulation rate within the
cyclostratigraphic analysis was performed through the statistical optimization TimeOpt method
for astrochronologic testing [63; 64]. The method evaluates orbital periodicities in the dataset,
along with the amplitude envelope of the short eccentricity band, through a range of possible
sedimentation rates. Moreover, we conducted eTimeOpt [65] evaluations, an evolutionary
adaptation of TimeOpt that allows tracking the SAR variability along the analyzed section. In this
study, we present the results and resolutions within the SAR ranges of 0.2 to 2 cm/kyr, while
performing a Taner bandpass fit for short eccentricity modulation, using Spearman correlation
method, 2000 Monte Carlo simulations and a frequency arrangement for the Cryogenian mean
age (~ 670Ma).

REFERENCES

1. Li, Z-X,, Evans, D.A.D., Halverson, G.P. Neoproterozoic glaciations in a revised global
palacogeography from the breakup of Rodinia to the assembly of Gondwanaland.
Sedimentary Geology, 294, 219-232. (2013) d0i:10.1016/j.sedge0.2013.05.016

2. Kopp, R. E., Kirschvink, J. L., Hilburn, I. A., Nash, C. Z. The Paleoproterozoic snowball
Earth: A climate disaster triggered by the evolution of oxygenic photosynthesis. PNAS,
102(32), 11131-11136 (2005).

3. Cox, G. M. et al. Neoproterozoic iron formation: An evaluation of its temporal,
environmental and tectonic significance. Chemical Geology, 362, 232-249. (2013)
doi:10.1016/j.chemge0.2013.08.002

123



10.

11.

12.

13.

14.

15.

16.

17.

Swanner, E. D. et al. The biogeochemistry of ferruginous lakes and past ferruginous oceans.
Earth Science Reviews, 211, 103430. (2020) doi: 10.1016/j.earscirev.2020.103430
Konhauser K. O. et al. Iron formations: A global record of Neoarchaean to
Palaeoproterozoic environmental history. Earth-Science Reviews, 172, 140-177 (2017).
doi: 10.1016/j.earscirev.2017.06.012

Shields-Zhou, G., Och, L. The case for a Neoproterozoic Oxygenation Event: Geochemical
evidence and biological consequences. GSAT, 21, 4-11 (2011) doi:10.1130/GSATG102A.1
Young, G.M. Precambrian supercontinents, glaciations, atmospheric oxygenation,
metazoan evolution and an impact that may have changed the second half of Earth history.
Geoscience Frontiers, 4, 247-261 (2013) doi: 10.1016/j.gsf.2012.07.003

Gernon, T. M., Hincks, T. K., Tyrrell, T., Rohling, E. J., Palmer, M. R. Snowball Earth
ocean chemistry driven by extensive ridge volcanism during Rodinia breakup. Nature
Geoscience, 9 (2016) doi: 10.1038/NGEO2632

Hoffman P. F. et al.,, Snowball Earth climate dynamics and Cryogenian geology-
geobiology. Science Advances, 3, 1600983 (2017) doi: 10.1126/sciadv.1600983

Bekker, A., Kovalick, A. 2020. Ironstones, Iron Formations, and Iron Ore. In: Encyclopedia
of Geology (Second Edition), 914-921.

Laskar, J. et al. A long-term numerical solution for the insolation quantities of the Earth.
Astronomy & Astrophysics, 428, 261-285 (2004) doi: 10.1051/0004-6361:20041335
Laskar, J., Fienga, A., Gastineau, M., Manche, H. La2010: a new orbital solution for the
long-term motion of the Earth. Astronomy & Astrophysics, 532, A89 (2011) doi:
10.1051/0004-6361/201116836

Waltham, D. Milankovitch period uncertainties and their impact on cyclostratigraphy. J.
Sediment. Res. 85, 990-998 (2015).

Hinnov, L.A. Cyclostratigraphy and astrochronology in 2018. In Montenari, M. (eds.),
Stratigraphy and Timescales, 3, 1-80 (2018) doi:10.1016/bs.sats.2018.08.004.

Rodrigues, P. O. C., Hinnov, L. A., Franco, D. R. A new appraisal of depositional cyclicity
in the Neoarchean-Paleoproterozoic Dales Gorge Member (Brockman Iron Formation, 53
Hamersley Basin, Australia). Precambrian Research, 328, 27-47 (2019)
doi:10.1016/j.precamres.2019.04.007

Zhou, M. et al. Empirical Reconstruction of Earth-Moon and Solar System Dynamical
Parameters for the Past 2.5 Billion Years From Cyclostratigraphy. Geophysical Research
Letters, 49, e2022GL098304 (2022) doi:10.1029/2022GL 098304

Kodama, K.P., Hinnov, L.A. Rock Magnetic Cyclostratigraphy. John Wiley and Sons,
Chichester, UK (2015) doi:10.1002/9781118561294

124



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lantink, M. L., Davies, J. H. F. L., Mason, P. R. D., Schaltegger, U., Hilgen, F. J. Climate
control on banded iron formations linked to orbital eccentricity. Nature Geoscience, 12,
369-374 (2019) doi:10.1038/s41561-019-0332-8

Lantink, M. L., Davies, J. H. F. L., Ovtcharova, M., Hilgen, F. J. Milankovitch cycles in
banded iron formations constrain the Earth—-Moon system 2.46 billion years ago. PNAS,
119, 40 (2022) doi:10.1073/pnas.2117146119

Mitchell, R. N. et al. Orbital forcing of ice sheets during snowball Earth. Nature
Communications, 12:4187 (2021) doi:10.1038/s41467-021-24439-4

Angerer, T., Hagemann, S.G., Walde, D.H.G., Halverson, G.P., Boyce, A.J. Multiple metal
source in the glaciomarine facies of the Neoproterozoic Jacadigo iron formation in the
“Santa Cruz deposits”, Corumba, Brazil. Precambrian Research, 275, 369393 (2016) doi:
10.1016/j.precamres.2016.01.002

Freitas, B. T. et al. Cryogenian glaciostatic and eustatic fluctuations and massive Marinoan-
related deposition of Fe and Mn in the Urucum District, Brazil. Geology, 49 (2021)
doi:10.1130/G49134.1

Walde, D. H. G., Hagemann, S. G. E. The Neoproterozoic Urucum/Mutin Fe and Mn
deposits in W-Brazil/SE-Bolivia: assessment of ore deposit models. Zentralblattdt.
Geologische Geowissenschaften, 158, 45-55 (2007). doi:10.1127/1860-1804/2007/0158-
0045

Walde, D. H. G. et al. New aspects of Neoproterozoic-Cambrian transition in the Corumba
region (state of Mato Grosso do Sul, Brazil). Annales de Paléontologie, 101, 213-224
(2015) doi:10.1016/j.annpal.2015.07.002

Trompette, R., Alvarenga, C.J.S., Walde, D. H. G. Geological evolution of the
Neoproterozoic Curumba graben system (Brazil): Depositional context of the stratified Fe
and Mn ores of the Jacadigo Group. Jour. of South American Earth Sci., 11, 587-597 (1998).
Dorr 1, J.V.N. Manganese and iron deposits of Morro do Urucum, Mato Grosso de Sul,
Brazil. Bulletin U. S. Geological Survey, 946A (1945).

Angerer, T., Hagemann, S. G., Walde, D. H. G. Diagenetic and supergene ore forming
processes in the iron formation of the Neoproterozoic Jacadigo Group, Corumbd, Brazil. J.
of South American Earth Sciences, 105, 102902 (2021). doi: 10.1016/j.jsames.2020.102902
Polgari M., Biondi, J. C., Gyollai, I., Fintor, K., Szab6, M. Origin of the Urucum iron
formations (Neoproterozoic, Brazil): Textural and mineralogical evidence (Mato Grosso do
Sul — Brazil). Ore Geology Reviews, 139, 104456 (2021)
doi:10.1016/j.oregeorev.2021.104456

Hasui, Y., Almeida, F. F. M. Geocronologia do Centro-Oeste brasileiro. Boletim da
Sociedade Brasileira de Geologia, 19 (1), 5-26 (1970).

125



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Piacentini, T., Vasconcelos, P. M. Farley, K. A. 40Ar/39Ar constraints on the age and
thermal history of the Urucum Neoproterozoic banded iron formation, Brazil. Precambrian
Research, 228, 48-62 (2013) doi:10.1016/j.precamres.2013.01.002

Frei, R. et al. Extensive oxidative weathering in the aftermath of a late Neoproterozoic
glaciation — Evidence from trace element and chromium isotope records in the Urucum
district (Jacadigo Group) and Puga iron formations (Mato Grosso do Sul, Brazil).
Gondwana Research, 49, 1-20 (2017) doi: 10.1016/j.gr.2017.05.003

Hinnov, L. Cyclostratigraphy and its revolutionizing applications in the earth and planetary
sciences. GSA Bulletin, 125, 1703-1734 (2013) d0i:10.1130/B30934.1

Trendall, A. F., Blockley, J.G. The iron formations of the Precambrian Hamersley Group,
western Australia. Geol. Surv. Western Aust. Bull. 119, 366 (1970).

Pickard, A. L. SHRIMP U-Pb zircon ages of tuffaceous mudrocks in the Brockman Iron
Formation of the Hamersley Range, Western Australia. Aust. J. Earth Sci, 49, 491-507
(2002) doi:10.1046/j.1440-0952.2002.00933.x

Pickard, A. L. SHRIMP U-Pb zircon ages for the Palaeoproterozoic Kuruman lron
Formation, Northern Cape Province, South Africa: evidence for simultaneous BIF
deposition on Kaapvaal and Pilbara Cratons. Precambrian Res., 125, 275-315 (2003).

Li, Y.-L. Micro- and nanobands in late Archean and Palaeoproterozoic banded-iron
formations as possible mineral records of annual and diurnal depositions. Earth Planet. Sci.
Lett. 391, 160-170 (2014).

Huang, Q., Viehmann, S., Walde, D. H. G. Iron isotope constraints on the metal source and
depositional environment of the Neoproterozoic banded iron- and manganese deposits in
Urucum, Brazil. Geochemistry, 81 (2021) doi:10.1016/j.chemer.2021.125771

Benn, D. I. et al. Orbitally forced ice sheet fluctuations during the Marinoan Snowball Earth
glaciation. Nature Geoscience, 8 (2015) doi: 10.1038/NGE02502

Rooney, A. D. et al. A Cryogenian chronology: Two long-lasting synchronous
Neoproterozoic glaciations. Geology, 43, 459-462 (2015) doi:10.1130/G36511.1

Urban, H., Stribrny, B., Lippolt, H. J. Iron and manganese deposits of the Urucum district,
Mato Grosso do Sul, Brazil: Economic Geology, 87, 1375-1392 (1992).

D’el-Rey Silva, L. J. H., Walde, D. H. G., Saldanha, D. O. The Neoproterozoic—Cambrian
Paraguay Belt, central Brazil: Part | — New structural data and a new approach on the
regional implications. Tectonophysics, 676, 2041 (2016) doi:10.1016/j.tecto.2016.03.019
Etienne J. L., Allen, P. A., Rieu, R., Le Guerroué, E. Neoproterozoic glaciated basins: a
critical review of the Snowball Earth hypothesis by comparison with Phanerozoic
glaciations. Glacial Sedimentary Processes and Products, 343 — 399 (2007)

Lechte, M., Wallace, M. Sub-ice shelf ironstone deposition during the Neoproterozoic
Sturtian glaciation Geology, 2016292 (2016) doi:10.1130/G38495.1

126



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

Bodzikowski, K., Van Loon, A. J. Glacigenic Sediments. In: Developments in
Sedimentology, 49 (1991)

Posth, N. R., Hegler, F., Konhauser, K. O., Kappler, A. Alternating Si and Fe deposition
caused by temperature fluctuations in Precambrian oceans. Nature Geoscience, 1, 703 — 708
(2008) doi:10.1038/nge0306

Kocken, I. J., Cramwinckel, M. J., Zeebe, R. E., Middelburg, J. J., Sluijs, A. The 405 kyr
and 2.4 Myr eccentricity components in Cenozoic carbon isotope records. Clim. Past, 15,
91-104 (2019) doi: 10.5194/cp-15-91-2019

Menzies, J. Modern & Past Glacial Environments. Butterworth-Heinemann, Oxford, p. 544
(2002) d0i:10.1016/B978-075064226-2/50004-0

Schoepfer, S. D. et al. Total organic carbon, organic phosphorus, and biogenic barium fluxes
as proxies for paleomarine productivity. Earth-Science Reviews, 149, 23-52 (2015) doi:
10.1016/j.earscirev.2014.08.017

Canfield, D. E. et al. Ferruginous Conditions Dominated Later Neoproterozoic Deep-Water
Chemistry Science, 321, 949 — 952 (2008) doi: 10.1126/science.1154499

Baldwin, G. J., Nagler, T. F., Greber, N. D., Turner, E. C., Kamber, B. S. Mo isotopic
composition of the mid-Neoproterozoic ocean: An iron formation perspective. Precambrian
Research, 230, 168 - 178 (2013) doi:10.1016/j.precamres.2013.02.011

Ader, M. et al. Ocean redox structure across the Late Neoproterozoic Oxygenation Event:
A nitrogen isotope perspective. Earth and Planetary Sci. Letters, 396, 1 — 13 (2014)
doi:10.1016/j.epsl.2014.03.042

Sansjofre, P. et al. Multiple sulfur isotope evidence for massive oceanic sulfate depletion in
the aftermath of Snowball Earth. Nat. Commun. 7:12192 (2016) doi:10.1038/ncomms12192
Macouin, M. et al. Is the Neoproterozoic oxygen burst a supercontinent legacy? Frontiers
in Earth Science, 3:44 (2015) doi: 10.3389/feart.2015.00044

Spangenberg, J. E., Bagnoud-Velasquez, M., Boggiani, P. C., Gaucher, C. Redox variations
and bioproductivity in the Ediacaran: Evidence from inorganic and organic geochemistry of
the Corumba Group, Brazil. Gondwana Research, 26, 1186-1207 (2014) doi:
10.1016/j.gr.2013.08.014

Ellwood, B., Crick, R., El Hassani, A., Benoist, S., Young, R. Magnetosusceptibility event
and cyclostratigraphy method applied to marine rocks: Detrital input versus carbonate
productivity. Geology, 28, 12, 1135-1138 (2000)

Leandro, C. G. et al. Astronomical tuning of the Aptian stage and its implications for age
recalibrations and paleoclimatic events. Nat. Commun. 13:2941. doi:10.1038/s41467-022-
30075-3

Gong, Z., Kodama, K. P., Li, Y-X. Paleomagnetism and rock magnetic cyclostratigraphy of

the Ediacaran Doushantuo Formation, South China: Constraints on the remagnetization

127



mechanism and the encoding process of Milankovitch cycles. Palaeogeography,
Palaeoclimatology, Palaeoecology, 528, 232 - 246 (2019)
doi:10.1016/j.palae0.2019.05.002

58. Liu, W. et al. Early Cretaceous Terrestrial Milankovitch Cycles in the Luanping Basin,
North China and Time Constraints on Early Stage Jehol Biota Evolution. Frontiers in Earth
Science 8:178 (2020) doi: 10.3389/feart.2020.00178

59. Bao, X. et al. Length of day at ¢. 1.1 Ga based on cyclostratigraphic analyses of the Nanfen
Formation in the North China craton, and its geodynamic implication. Journal of the
Geological Society. (2022) doi:10.1144/jgs2022-022

60. Li, M., Hinnov, L. & Kump, L. Acycle: time-series analysis software for paleoclimate
research and education. Comput. Geosci. 127, 1222 (2019).

61. Thomson, D.J. Spectrum estimation and harmonic analysis. Proc. IEEE 70, 1055-1096
(1982) doi:10.1109/PROC.1982.12433.

62. Weedon, G. Time-Series Analysis and Cyclostratigraphy. Cambridge University Press,
Cambridge, pp. 1-259 (2003)

63. Meyers, S. R. (2015). The evaluation of eccentricity-related amplitude modulation and
bundling in paleoclimate data: an inverse approach for astrochronologic testing and time
scale optimization. Paleoceanography, 30, 1625-1640. doi: 10.1002/2015PA002850

64. Meyers, S. R., Malinverno, A. Proterozoic Milankovitch cycles and the history of the solar
system. PNAS, 115, 25, 6363-6368 (2018) doi:10.1073/pnas.1717689115

65. Meyers, S. R. Cyclostratigraphy and the problem of astrochronologic testing. Earth-Science
Reviews, 190, 190-223 (2019) doi: 10.1016/j.earscirev.2018.11.015

Acknowledgements

This research was financed by the Coordenacéo de Aperfeicoamento de Pessoal de Nivel
Superior - Brasil (CAPES) - Finance Code 001, the Institutos Nacionais de Ciéncia e Tecnologia
(INCT) and by the Conselho Nacional de Desenvolvimento Cientifico e Tecnol6gico Brasil
(CNPq). We greatly acknowledge Vetria Mining LTDA for giving us access to the drill cores and
appreciate the support of Research & Development Manager Rosangela Vieira da Costa and Geol.
Dr. Ingrid Moerschberger Nedel. We thank Lucas Orsini for the English review and Dr. Felipe
Corrales for general support, productive discussions and proofreading this paper. Support for this
research came from CNPq (grants 420071/2021-0 to E.Y., 314462/2020-1 to D. R. F.,
300919/2023-9 and 300848/2022-6 to N.B.S., 143939/2022-0 to R.M.R.), CAPES (grant
88882.383637/2019- 01 to G.F.) and from the Foundation Carlos Chagas Filho Research Support
of the State of Rio de Janeiro (FAPERJ—grant E-26/200.931/2022 and E-26/203.302/2017 to
D.R.F., 204.404/2021 to M. C.).

128


https://doi.org/10.1144/jgs2022-022

CAPITULO 9
CONSIDERACOES FINAIS

129



9. CONSIDERACOES FINAIS

As formacdes ferriferas sdo unidades sedimentares que despertam um grande fascinio e
tém sido tema de instigantes debates de relevancia internacional na area das Ciéncias da Terra.
Diante da auséncia de consenso em relacdo aos seus processos de formacao, identificou-se uma
lacuna cientifica significativa que se tornou a motivacao central deste doutorado. Com isso, foram
abordadas as condi¢bes paleoambientais e influéncias na génese das FFs, considerando-as um
pré-requisito fundamental para um melhor entendimento de seus mecanismos de aquisicdo de
magnetizacdo. Nesta tese, sdo apresentados trés capitulos como principais resultados, em formato
de artigo, que utilizam distintas metodologias e fornecem informacdes pertinentes para o estudo
genético das formagdes ferriferas.

O Capitulo 6 aborda o fracionamento isotdpico de ferro anémalo encontrado nas FFs
neoproterozoicas da Formacdo Banda Alta. Estes indicam que as bactérias desempenharam um
papel importante na génese de minerais de ferro. Neste contexto, foram investigadas possiveis
evidéncias do processo de bio-precipitacdo de magnetita, mas sem resultados conclusivos. Por
conseguinte, o envolvimento biolégico foi sugerido como parte do processo para a
disponibilidade de ferro (I1) na bacia. Sugere-se, entdo, um modelo de dupla fonte de ferro para a
Formacdo Banda Alta, envolvendo tanto contribuiges hidrotermais quanto vias bioldgicas, por
meio de reducdo dissimilatoria de ferro.

O Capitulo 7 (artigo em elaboracdo) utiliza uma abordagem reoldgica em multiplas
escalas para investigar os aspectos temporais da génese das camadas alternadas de Fe e Si nas
FFs. Analisou-se amostras portadoras de seixos pingados provenientes da Formacdo Banda Alta
em que as estruturas de impacto nas camadas de Fe e Si, desde macro até cristalograficamente,
sdo indicativos de que as mesmas eram pré-existentes ao impacto dos clastos. Portanto, essa
analise desafia a possibilidade de origem diagenética dessa alternéncia de camadas, atestando a
favor de uma origem deposicional.

No artigo descrito acima, apresentamos também uma avaliacdo diagenética dessas FFs,
por meio de andlises de mineralogia de argila e indices de Kubler (Supplementary Material no
ANEXO 1), revelando evidéncias de envolvimento de baixo grau metamorfico, constituindo uma
informagdo crucial para os estudos cristalograficos. A mesma analise esta contida no Capitulo 6,
e foi replicada neste artigo (Capitulo 7) devido a ndo publicacéo do anterior.

O Capitulo 8 (artigo under review) aborda as forcantes orbitais e ambientais dos processos
sedimentares relacionados a deposicdo das Formacdo Banda Alta, principalmente por meio de
analises cicloestratigraficas. Como resultado, foram identificados registros de ciclos
Milankovitch embutidos nos dados de suscetibilidade magnética e foram estimadas taxas de
sedimentacdo para essa deposi¢do. Através dessas analises, foi possivel a observacao de variagdes

na sensibilidade do registro orbital cuja interpretacdo € associada as mudangas na posicao relativa
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da redoxclina, ao longo da secdo analisada. Além disso, mostramos uma correlacdo sem
precedentes entre sinais orbitais e evidéncias geoldgico-geoquimicas com implica¢fes para um
maior entendimento da dindmica glacial durante o Criogeniano.

Esses trés capitulos fornecem informacdes valiosas para a compreensdo do estudo
genético das formacdes ferriferas, abordando aspectos relacionados aos processos
biogeoquimicos, sedimento precursor, mecanismo deposicional, origem da disponibilidade de
ferro, além de influéncia dos ciclos de Milankovitch e da dindmica de geleira. A integracdo dessas
informacBes amplia o entendimento da génese dessas rochas e pode, inclusive, orientar futuros
trabalhos de caracteriza¢do magnética, a fim de contribuir nas discussGes acerca dos processos de
aquisicao de magnetizacao.

Apesar da exclusividade pré-cambriana das formacgfes ferriferas (sem analogos
modernos), o tema do sedimento precursor e do mecanismo de precipitacdo tem recebido destaque
nos debates cientificos recentes (e.g., Konhauser et al., 2017; Bekker & Kovalick, 2020). Isso se
deve, em parte, aos inovadores avangos nas experimentacGes laboratoriais e nas simulacfes
genéticas que exploram as condi¢cGes ambientais pré-cambrianas e de deposicao dessas rochas. A
andlise reoldgica realizada neste doutorado (Capitulo 7) contribui substancialmente a esse debate,
indicando a ocorréncia de uma deposic¢do alternada de silica e ferro, em detrimento das hipéteses
de Fe-Si géis e bandamento po6s-deposicionais. A interpretacdo do mecanismo de precipitacdo
alternada é respaldada também pelo éxito de andlises cicloestratigraficas em formacdes ferriferas,
gue tém como proxy o contraste de cor entre as camadas de Fe e Si, em anélise de fotos em escala
de cinza (e.g., Rodrigues et al., 2019). Esse estudo aponta o registro de ciclos de Milankovitch
nos padrdes de ciclicidade desse proxy e, portanto, apresentam uma conotacéo deposicional para
0 acamamento alternado dessas rochas.

A presenca de uma deposicdo alternada indica a possivel existéncia da precipitacdo de
um mineral precursor de ferro. Considerando todas as hipOteses de minerais precursores
levantadas (vide Capitulo 3) e descartando a deposicdo homogénea de Fe-Si, ressaltam-se trés: a
greenalita, o green rust e a ferridrita. Na analise reoldgica, discutimos a possilibidade da
deposicdo de lamas de greenalita com variaveis composic¢des silicosas (Rasmussen et al., 2021)
e apontamos o pouco tempo envolvido para o desenvolvimento de uma definicdo de bandamento
diagenético precoce. Por outro lado, considerando o green rust como uma fase mineral altamente
reativa (Konhauser et al., 2017), ndo podemos descartar uma primeira nucleacao de fase mineral
com essa estruturacdo. Entretanto, ja foram apontadas problematicas fisico-quimicas de uma
precipitacdo com ferro sob forma reduzida (e.g., Konhauser et al., 2017). Com isso, um Fe(ll1)-
oxihidréxido de estrutura simples, como a ferridrita, emerge como a hipdtese mais aceita. Como
ja indicado no artigo do Capitulo 7, existe uma possivel continuidade estrutural desta ferridrita
deposicional na transformacao para hematita (Cudennec & Lecerf, 2006). Dessa forma, surge a

especulacdo sobre uma possivel correspondéncia cristalografica também entre a ferridrita e a
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magnetita, tendo implicagcfes para a hipotese de formacao precoce de magnetitas em formacdes
ferriferas arqueanos, conforme apresentado por Li et al. (2017).

Considerando a discussao acima, é importante ressaltar a escolha adequada do Distrito de
Urucum como objeto de investigacdo. Isso se deve a presenca de baixos indicios metamorficos
atestado pela avaliacdo diagenética (ANEXO 1), o que respalda a hipdtese de um caminho
mineraldgico menos complexo para a Formacdo Banda Alta, conforme sugerido por Angerer et
al. (2021). Em relacdo ao principal 6xido de ferro encontrado na trama dessa unidade, a hematita,
que se origina a partir de uma ferridrita precursora, € possivel que essa sequéncia mantenha uma
memoria cristalografica. Nesse contexto, é plausivel sugerir que essa memdria também possa
abranger informacdes magnéticas relacionadas a deposicdo ou a fase inicial do processo
sedimentar. Diante dessa analise, levanta-se a seguinte questdo: Sera possivel considerar a
Formacdo Banda Alta como um alvo paleomagnético viavel para a obtencdo de polos magnéticos
Neoproteroz6icos?

Ao longo da nossa reviséo bibliografica, nos deparamos com somente um trabalho de
caracterizagdo magnética dessas rochas, a pesquisa de iniciacao cientifica, em 1999, intitulada
“Caracterizacdo magnética do minério de ferro e manganés de Urucum (MS)” (autoria de Carlos
Joly, sob orientac&o da Prof. Dra. Marcia Ernesto). Com base nos resultados apresentados nesta
tese, surgem indicagdes para realizagdo de novos estudos de caracterizagdo magnética no Distrito
de Urucum, reconhecendo-se, contudo, as complexidades e limitagdes do conhecimento existente
de todos os processos envolvidos.

Ademais, quanto a contribuigdo desta tese nas discussfes paleoambientais do Distrito de
Urucum, propdem-se as seguintes sugestdes ao modelo deposicional. Aponta-se uma dupla fonte
de ferro, com contribuicéo tanto hidrotermal quanto bacteriana (Capitulo 6), similar as sugestdes
de Huang et al. (2021), e sugere-se uma dinamica glacial influenciada climaticamente por
mong¢des, estas forgadas orbitalmente (artigo em revisdo; Capitulo 8). Essa Ultima se baseia na
correlagdo de valores minimos no padrdo de excentricidade com uma reducdo no contraste
climético sazonal (Laskar et al., 2004; Kocken et al., 2019). Isto significaria uma reducéo nos
efeitos de moncdo da Terra e, com isso, aumentariam-se as possibilidades de construcdo de
sistema hidraulico glacial (meltwater streams; Menzies, 2002) nas geleiras em contexto Snowball
Earth. O artigo aponta correspondéncias entre excentricidades minimas e registros geolégicos e
geoquimicas de aumentos de input terrigeno, de produtividade bacteriana e de energia do sistema
deposicional, 0 que se esperaria de registros de estabelecimento de meltwater streams. Estas
informagdes atestam o potencial de analises cicloestratigraficas como ferramenta para acessar o
registro paleoambiental dessas fascinantes rochas e de seus intrigantes periodos de ocorréncia.

Apesar de constatar as inumeras incertezas cientificas relacionadas as formagdes
ferriferas, tanto em sua génese quanto em sua magnetizacao, os estudos realizados nesta pesquisa

permitiram contribuir para um avanco de conhecimento nesses debates. Ressalta-se tanto a
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utilizacdo de andlises cicloestratigraficas como uma abordagem inovadora para investigacdes
paleoambientais, como a consideracdo de estudos de deformacdo como uma perspectiva
promissora para a compreensdo dos mecanismos de precipitacdo quimica. Desse modo, 0s
resultados obtidos apresentam implicacbes diretas nas areas de paleoclimatologia,
paleoambiental, geogquimica, além de fornecer subsidios para potenciais pesquisas futuras no

campo do paleomagnetismo.
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Geological Setting

The Urucum District is situated in the Corumba region (western Brazil; at Brazil—
Bolivia border) and it is part of the Paraguay Belt, a late Pan African Brasiliano age fold
belt (Walde et al., 2015; Angerer et al., 2016; Supp. Fig.1A). The Corumba region
comprises a NE-SW graben environment on the eastern edge of the Amazon craton within
a major compressive setting (Trompette et al. 1998; D’el Rey et al., 2016; Supp. Fig.1A).
It is widely recognized that this region is placed above a triple junction of three basins: S
and N Paraguay and Chiquitos-Tucavaca aulacogen (Jones, 1985; Walde & Hagemann,
2007; Freitas et al., 2011; D’el Rey et al., 2016; Supp. Fig.1A and B). The formation of
the Corumba graben can be attributed to an extensional event, delineated by high-angle
normal faults with a predominant NW-SE direction (Jones, 1985). Initially, the graben
was filled by the Jacadigo Group, followed by the deposition of the Corumba Group
(Almeida, 1945; Dorr 11, 1945; Walde et al., 2015; Supp. Fig.1C). The district features a
distinct landscape characterized by tabular mountains rich in Fe and Mn ores, holding
reserves of approximately 36 Gt within the Banda Alta Formation (upper unit of the
Jacadigo Group), and surrounded by the Brazilian "Pantanal,” a tropical wetland (Walde
& Hagemann, 2007).

The Jacadigo Group is divided into three formations, according to Dorr 11 (1945).
The Urucum Formation is the basal siliciclastic unit (Almeida, 1945; Dorr Il, 1945;
Trompette et al., 1998; Freitas et al., 2011), which overlies unconformably the crystalline
basement of the Amazon craton — Rio Apa block (e.g., Viehmann et al., 2016; Supp.
Fig.1C). Overlying it, Dorr Il (1945) presents two distinct formations: the Cérrego das
Pedras and the Banda Alta. The Cdrrego das Pedras Formation consists of variable
siliciclastic rocks and Mn-rich layers, as a massive oxide layer or as a cement (Piacentini
etal., 2013), interpreted as a lithological transition of siliciclastic facies and allochemical
ones (Freitas et al., 2011; Angerer et al., 2016).

The Banda Alta Formation (Dorr 11, 1945) represents a significant Fe-Mn ore
deposit of glacial origin within the Neoproterozoic era (Walde & Hagemann, 2007;
Freitas et al., 2021). The unit is mainly composed of hematite-rich iron formation with
intercalated sandstones, arkoses, diamictites, and manganese ore. Within its stratigraphic
sequence, there are three distinct zones: lower carbonaceous, intermediate siliceous, and
upper carbonaceous (Almeida, 1945; Dorr 11, 1945). The lower and upper zones are

dominated by dolomite-chert-hematite IF, whereas the intermediate zone presents mostly
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jaspilitic chert-hematite IF. Clastic units and diamictites are dispersed and
discontinuously intercalated in the column (Angerer et al., 2016). It is important to
emphasize that these IFs are reported as not recording significant alteration processes and
present only very weak metamorphism impressions (Angerer et al., 2020; Biondi et al.,
2020).

Regarding the depositional ages of the Jacadigo Group, it lacks direct
geochronological data. The basement granites have an igneous K/Ar age of ca 889 + 44
Ma (Hasui & Almeida, 1970). whereas the Banda Alta Formation presents a maximum
depositional age of 695 + 17 Ma according to U/Pb zircon dating (Frei et al., 2017). The
Jacadigo Group has a minimum age of 587 + 7 Ma based on “°Ar/*°Ar dating of diagenetic
cryptomelane in the Corrego das Pedras Formation (Piacentini et al., 2013). Moverover,
the upper unit of the Corumba Group, the Tamengo Formation, contains Ediacara-type
macrofossils (Gaucher et al., 2003; Boggiani et al., 2010; Walde et al., 2015; Xiao et al.,
2016; Adorno et al., 2017), indicating the end of the Neoproterozoic Era.

Given the limited age constraints on the Jacadigo Group, the ages determination
of the Banda Alta Formation remains uncertain. Within an indirect approach, recent
studies suggest the possibility of both Neoproterozoic glaciations recorded within the
Jacadigo Group, the Sturtian one in the Urucum Formation and the Marinoan glaciation
in the Banda Alta Formation (Freitas et al., 2021). Nevertheless, a consensus regarding
the specific Cryogenian glaciation events associated with the Banda Alta Formation has
not yet been reached. The presence of glacial associations within the Banda Alta
Formation provides valuable indications that the depositional ages of the Jacadigo Group
can be narrowed down to the Cryogenian Period, even in the absence of absolute dating.

Supp. Fig. 1 (next page). A. Simplified map of the Brazil — Bolivia border, the eastern edge of
the Amazon craton, emphasizing the main lithostratigraphy units across the Paraguay belt and
Chiquitos-Tucavaca aulacogen. B. Simplified geological map of the region comprising the
Chiquitos-Tucavaca aulacogen and the Brasiliano Paraguay belt. C. Regional geological map
pointing Corumba and Ladario cities, bordering Bolivia, as well as the Urucum District. Figure
from Angerer et al. (2020). We highlight (yellow stars) the drill cores “RK62” and “RK25”, in
which were performed the diagenetic evaluation (Supplementary information 4). Also, we point
(red arrow; number 3, within the main hills) the location of the investigated ice-rafted debris-

bearing iron formations, outcrops and hand-specimen.
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Supplementary Information 2

Analytical Methods

We conducted field investigations at the VETRIA Mining mine front and gathered
samples for hand-specimen observations. The thin section presented in this study was
prepared at the Geoscience Institute of the Universidade de Brasilia (IG/UNB). We
performed mineralogical and textural examinations, utilizing both transmitted and
reflected light microscopy, using a ZEISS petrographic microscope housed in the X-Ray
Diffraction Laboratory (LARIX) at the Universidade de Brasilia, Brazil.

For the X-Ray diffraction analyses (SI3) and the diagenetic evaluation (S14), we
detail the applied methodology in the respective supplementary information sections.

The crystallographic characterization, both textural and orientation, was
approached using the technique of Electron Backscatter Diffraction (EBSD). This was
performed on a thin section after ultrafine polishing, obtained at the facilities of the
Geosciences Institute of UNB. The analysis was carried out at the LACTED Institute, at
the Universidade Federal do Parana (UFPR). The scanning electron microscope used was
the TESCAN MIRA3 FEG, and the measurement of diffraction patterns was conducted
using the NordlysNano EBSD detector, with data collection and indexing performed
through Oxford Instruments' AZtec software.

The anisotropy of hematite phase was explored by orientation-dependent Raman
spectroscopy using a confocal microscopy spectrometer (Horiba Labram HR Evolution)
with a 50 x objective lens and a 532 nm laser line, operating at 2 mW. To ensure that the
position investigated in the sample was always at the same point, the sample was fixed,
and the polarization of the incident light was rotated within the plane every 10° by means
of a half-wave plate. The scattered light was analyzed by a linear polarization analyzer
was inserted before the detection system. The coordinate system used when collecting
polarized Raman spectra on thin section sketch is defined relative to the axes of the thin
section being analyzed (see insert in Figure 3A). The analyses were conducted at the

Optical Spectroscopy Laboratory of the Physics Institute of UNB.
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Supplementary Information 3

XRD: analyzed thin section

To investigate the mineral constituents of the analyzed thin section, we have
performed a mineralogical characterization through X-Ray Diffraction (XRD). These
analyzes were carried out on whole rock samples (WR), according to the preparation
routine of the X-Ray Diffraction Laboratory (LDRX/IG/UNB). We collected samples
from 5 distinct sites of the thin section, from both iron-rich and silica-rich layers, using a
centimeter-scale drill (Supp. Fig. 2). Subsequently, we powdered the samples and
compacted it into glass sample holders.

All the analyses were performed in a RIGAKU Ultima IV diffractometer equipped
with CuKa radiation, Ni filter, under 35 kV and 15 mA, with scanning velocity at 5°/min
at the LDRX. Mineral phases were identified using Jade XRD 9.0 (Materials Data) with
PC-PDF (Powder Diffraction File — PDF for PC — ICDD).

Fe-rich layers present a predominance of hematite within its mineral constituents,
whereas Si- rich layers also show hematite as major constituent while quartz is barely
apparent, only as a trace component (Supp. Fig. 2). The lack of major quartz composition

within these layers may be attributed to the amorphous nature of the chert.

|Fe-rich layers (1, 3 and 5)]

XRD results
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Supp. Fig. 2— XRD diffractograms of the five distinct sites within the sample under examination.
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Supplementary Information 4

Diagenetic evaluation of the Banda Alta Formation

To examine the diagenetic imprint and the potential thermal effect in the Banda
Alta Formation, we have performed a clay mineralogical characterization through X-Ray
diffraction (XRD) analyses and the determination of the Kibler Indexes (e.g., Do Campo

etal., 2022) of siliciclastic facies interbedded with the iron formation from two drill cores.

MATERIALS AND METHODS

The analyzed drill cores “RK25” and the “RK62” were selected in partnership
with Vale Company (current management of VETRIA Mining), marked in the Supp.
Fig.1C. Both drill cores were previously analyzed by Viehmann et al. (2016) for
geochemical discussions. The drill core RK62 exhibits a more diversity of facies, such as
diamictites, jaspilites, siltstones and Mn-Fe-rich facies along its 110 meters, whereas the
RK25 presents mostly diamictites and arkoses, along its 250 meters (Supp. Fig. 3).

We have conducted mineralogical investigations in the matrixes of diamictites (5
from the drill core RK25 and 4 from the RK62), in 2 arkoses from the RK25 and in 1
siltstone from the RK62. The analyzed sample names correspond to the depth of the drill
core’s sampling and the abbreviations of minerals within the results of this study is by
Whitney & Evans (2010).

For the diagenetic analysis through XRD, the sample preparation initially included
material disaggregation with a hammer and powdering in the Planetary Mill pulverisette
by Fritsch, for 5 minutes with 400 rpm. X-ray powder diffraction was performed on whole
rock samples, as well as on clay fractions.

XRD analyzes were carried out on whole rock samples (WR) and clay fractions
(<2 um), according to the preparation routine of the LDRX (IG/UNB). For WR analyses,
the sample was pulverized and dry compacted on a glass slide. The clay fraction was
obtained from the supernatant resulting from the dispersion of the powder sample in
distilled water followed by centrifugation at 750 rpm for 7 minutes. This supernatant was,
then, centrifuged for 30 minutes at 3000 rpm to decant the fraction smaller than 2um. The
clay fractions were decanted, and slides were prepared using the smear technique,
ensuring a unidirectional application, followed by air-drying, producing oriented clay
fractions in air-dried conditions (AD). Besides these analyses (WR and AD), we have

also investigated the orientated clay fractions after ethylene-glycol solvation (EG).
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All of these analyses were performed in a RIGAKU Ultima IV diffractometer
equipped with CuKa radiation, Ni filter, under 35 kV and 15 mA, with scanning velocity
at 5%/min. Mineral phases were identified using Jade XRD 9.0 (Materials Data) with PC-
PDF (Powder Diffraction File — PDF for PC — ICDD). All of these in the LDRX.

The Kibler Index (KI) is a measurement of the full weight at high medium
(FWHM), presented in A°20 CuKa of d(001) around 10A of illite (e.g., Klbler, 1964).
Through this index, it is possible to indicate the diagenetic stage to which the rocks were
submitted to. To do so, clay fractions were analyzed at a reduced velocity of 0.5%min
ranging from 7 to 12 °20. Afterward, we performed a decomposition of the ~10A peak
using the software DecompXR, selecting the broader diagenetic contribution to measure
the KI.

RESULTS

Diamictite matrixes, from both drill cores, are composed essentially by quartz and
hematite (Supp. Fig. 4 and 5). Locally, there are minor contributions of carbonates, such
as calcite and/or dolomite and/or ankerite, of feldspars, such as albite and microcline, and
of clay minerals, such as illite and kaolinite. Notably, the XRD analyses feature the
limited clay content and the great amount of iron oxides in the diamictite matrixes.

The arkoses from the drill core RK25 (RK25-208.30 and RK25-234.65; Supp.
Fig. 6) display, in whole rock, quartz and feldspar as major components. Minor
components are hematite and carbonates, calcite, dolomite and/or ankerite. Clay minerals
such as illite and chlorite are considered trace components within the whole rock analyses.
In clay fraction, chlorite, kaolinite and illite are major to minor components. Particularly
in RK25-208.30, spilpnomelane is present as a minor component (d~124).

The siltstone from the drill core RK62 (RK62-109.20, Supp. Fig. 7), in whole
rock, is composed by quartz as the major component, feldspar, smectite, illite and chlorite
as minor components and hematite and calcite as trace ones. The clay fraction present
quartz and illite as major components, whereas smectite, chlorite are minor ones and
feldspars are trace ones.

The Kiibler Indexes was determined through the decomposition of the ~10A illite
peak and the measurement of the full weight at high medium (FWHM) of each separate
peak (Kubler, 1964; Supp. Fig. 8). This procedure was successfully performed in two
siliciclastic samples, the arkose (RK25-234.65) and the siltstone (RK62-109.20). Both

samples present two peaks after decomposition, one with smaller FWHM (0.101 and
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0.117), interpreted as detrital mica, and the other one with greater FWHM (0.287 and
0.265), interpreted as diagenetic illite.

DISCUSSION AND CONCLUSION

The arkoses and siltstones analyzed in this study exhibit a clay mineral assemblage
consisting of illite + chlorite * kaolinite. Notably, the presence of smectite, an expandable
clay mineral, in the siltstone RK62-109.20 indicates a diagenetic stage (McKinley et al.,
2003; Supp. Fig. 7), suggesting temperatures below 200°C (Johnson et al., 2019).
Additionally, the presence of spilpnomelane as a minor component in the arkose RK25-
208.30 (d~12A; Supp. Fig. 6) indicates a very low metamorphism grade, in accordance
with Klein (2005).

The determination of the Kubler Index resulted in FWHM values of 0.287 and
0.265°20 for the illites, indicative of the anchizone grade of metamorphism, which
corresponds to temperatures below 300°C (Kubler, 1964; Kisch, 1987; Merriman & Frey,
1999; Johnson et al., 2019). However, according to the revised boundary limits proposed
by Warr & Ferreiro Mahlmann (2015), the analyzed samples can be classified within the
epizone (FWHM < 0.32 °20). It represents the transition between the prehnite-pumpellyite
and pumpellyite-actinolite facies, with estimated temperatures around or slightly above
300°C (Warr & Cox, 2016; Johnson et al., 2019).

In conclusion, the results of this study support a range from diagenetic stage, as
indicated by the presence of smectite, to a light metamorphic grade, potentially reaching
the pumpellyite-actinolite facies. Considering that the analyzed siliciclastic rocks are
interbedded with the iron formations, our findings suggest that the iron formations have
undergone a similar (very-) low metamorphic stage. Recent studies also indicate minimal
post-depositional alterations, with Angerer et al. (2020) suggesting temperatures of 71 to
173 °C based on oxygen isotope values, and Biondi et al. (2020) observing kremydilite
structures within manganese layers, indicating temperatures around 90 °C. Although our
estimated temperature range falls within a higher range (200 to ~300°C), it is still lower
than the greenschist facies (Warr & Cox, 2016; Johnson et al., 2019), supporting the

consensus that the Banda Alta Formation did not undergo significant metamorphism.
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Supp. Fig. 4 — XRD diffractograms from five diamictite samples of the drill core RK25. In the
whole rock analyses (WR), all these samples exhibit quartz and hematite as major components,
whereas carbonates (calcite, dolomite and/or ankerite) is identified as minor component, in
variable proportions. Feldspars (albite and microcline) is observable mainly in RK25-145.15 m
and RK25-146.0 m and clay minerals (illite, kaolinite and chlorite) is present as trace components.

160



DIAMICTITES - RK62

60
50
RK62 - 90.05cm | l\ \,
?40 S A AN A M Jm‘ S
5
3 l
C
> . |RK62-29.05cm ‘ &
230 o A /- SN S ) W
i) -
=
201 Rk62 - 15.35¢m o, JLJ\
e e ) ¥ B . . LY C Y, U NSO | | GO
< 3 3 5 o [+)
10 e ¢ 3 | ¢ 852 8 3\, =& g
. TP Y ) gredeovom o od
em . Ea _Jxﬂﬂ R A
x10°* 70 %0 30 a0 a0 &
[ Qz - Si02
, I , Hom -Fe203]
l =t — — . Kin1A-AZS20500K

Two-Theta (deg)
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Supp. Fig. 6 — XRD diffractograms from two arkose samples of the drill core RK25 (RK25-
208.30m and RK25-234.65). In the whole rock analyses (WR), both arkoses exhibit quartz and
feldspars (albite and/or microcline) as major components. Hematite and carbonates (calcite,

dolomite and/or ankerite) are minor components. Clay minerals (illite, kaolinite and chlorite) are
minor to trace components, which is supported by the clay fraction analyses (AD, oriented clay
fractions in air-dried conditions, and EG, after ethylene-glycol saturation). Notably, in RK25-

208.30m, we observe spilpnomelane as another mineral component (d~12A).
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Supp. Fig. 7 — XRD diffractograms from the siltstone of the drill core RK62 (RK62-109,20). In
the whole rock analysis (WR), quartz is the main component, whereas feldspars (albite and
microcline) are minor ones. Clay minerals (illite, kaolinite, chlorite and smectite) are also minor
components. Hematite and carbonates, such as calcite, are minor to trace components. In clay
fraction analyses (AD=oriented clay fractions in air-dried conditions; EG=after ethylene-glycol

saturation) we observe a clear indication of an expandable clay mineral (EG), in which we identify
smectite (nontronite).
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Supplementary Information 5

EBSD results: pole figure maps and indexed hematite pole figures
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{0001} - Hematite {01-10} - Hematite {11-20} - Hematite {0001} - Hematite {01-10} - Hematite {11-20} - Hematite
Y1 1

4

Band Contrast
(0..255) 191

NG

Raster 336x336 step 5126: 0.3M  |prm— Raster 807x807 step 5ize: 0.5)M |rm—
50jim, <2000

Supp. Fig. 9 — EBSD results from Site 1 and 2, positioned within the thin section sketch, in the
middle. A and C) Indexed hematite pole figures from Site 1 and 2, respectively. B) Inverse pole
figure maps from Site 1 and 2, respectively.
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Supplementary Information For

MILANKOVITCH IMPRINT AND PALEOENVIRONMENTAL CONSTRAINTS
ON IRON FORMATION DEPOSITION OVER CRYOGENIAN GLACIATIONS

G. Fazio*; E. Yokoyama; D. R. Franco; N. B. Santos; M. Candido; R. M. Rocha; D. H.
G. Walde

This PDF includes:
Supplementary Figs. 1 to 5
Supplementary Table (MS dataset)
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Supplementary Fig. 3 —TimeOpt analysis of the lower interval, performed with SAR
ranges of 0.2 to 1 cm/kyr. We present the squared Pearson correlation coefficients and its
respective eTimeOpt analyses, in the left graphs and images: for the amplitude envelope
fit (r2envelope; red dots), for the spectral power fit (r2 spectral; light gray line) and for the
combined envelope and spectral power fit (r2 opt), at each evaluated SAR. Moreover, in
the right side of the image, we present 4 graphs, from top to bottom: Linear fit of the
envelope vs. reconstructed model; Comparison of the band-passed short eccentricity
region (black line); and the data amplitude envelope (red line) determined via Hilbert
transform; Comparison of the data amplitude envelope (red line) and the TimeOpt-
reconstructed eccentricity model (blue line) and; Periodogram (black line) given the
TimeOpt derived sedimentation rate (0.46 cm/kyr) and eccentricity target periods (405,
131, 125 and 95 kyr) in vertical dashed red lines
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Lower interval of the MS dataset (220 - 238.0 m)
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Supplementary Fig. 4 — A. Spectral analysis of the lower interval of the MS dataset (220
— 238 m), in the stratigraphic domain, with both hypotheses for 405-kyr eccentricity
spectral band marked as “E”. B. Stratigraphic time domain spectral analysis, using 405-
kyr filter considering Hypothesis 1. C. Stratigraphic time domain spectral analysis, using
405-kyr filter considering Hypothesis 2. All three 2n MTM power spectra (A, B and C)
present the AR(1) red noise model removal and mark the 90%, 95%, 99%, and 99,9%
confidence levels. In A the wavelengths of spectral peaks are labelled in cm and, in B and
C, they are labelled in kyr. For the interpretation of spectral bands, we assigned: “E” for
405-kyr long eccentricity, “e” for short eccentricity, “O” for obliquity and “P1/P2” for
precessions components.
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“H1” and “H2” stand for Hypotheses 1 and 2, respectively.
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Supplementary Table 1

MS dataset
. . Magnetic
Sthr;gﬂ't"’zf’nr;'c Susce%_tibility
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203.73 0.79
203.76 0.68
203.79 0.53
203.82 0.43
203.85 0.29
203.88 0.31
203.91 0.34
203.94 0.4
203.97 0.34

204 0.41

204.03
204.06
204.09
204.12
204.15
204.18
204.21
204.24
204.27
204.3

204.33
204.36
204.39
204.42
204.45
204.48
204.51
204.54
204.57
204.6

204.63
204.66
204.69
204.72
204.75
204.78
204.81
204.84
204.87
204.9

204.93
204.96
204.99
205.02
205.05
205.08
205.11
205.14
205.17
205.2

205.23
205.26
205.29
205.32
205.35
205.38

0.51
0.4
0.8

0.59

0.56

0.78

0.81

0.75

0.73

0.77

0.96
0.9

0.63

0.52

0.42

0.23
0.7

0.73

0.62

0.62

0.71

0.91

0.68

0.59

0.83

0.32

0.31
0.9

0.84

0.84

0.66

0.92

0.94

0.69

0.77

0.96

0.35

0.77

0.26

0.62

0.33

0.66

0.59
0.9

1.06

1.02
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205.41
205.44
205.47
205.5

205.53
205.56
205.59
205.62
205.65
205.68
205.71
205.74
205.77
205.8

205.83
205.86
205.89
205.92
205.95
205.98
206.01
206.04
206.07
206.1

206.13
206.16
206.19
206.22
206.25
206.28
206.31
206.34
206.37
206.4

206.43
206.46
206.49
206.52
206.55
206.58
206.61
206.64
206.67
206.7

206.73
206.76

0.86
0.39
0.78
0.82
0.84
1.17
0.55
0.94
0.77
0.82
0.84
0.8
0.88
0.83
0.73
1.22
1.12
1.29
0.91
0.69
0.66
0.68
0.61
0.92
0.9
0.97
0.37
0.28
0.42
0.36
0.74
0.78
0.86
0.91
0.55
0.38
0.65
0.67
0.67
0.61
0.46
0.43
0.74
0.35
0.34
0.56

206.79
206.82
206.85
206.88
206.91
206.94
206.97
207

207.03
207.06
207.09
207.12
207.15
207.18
207.21
207.24
207.27
207.3

207.33
207.36
207.39
207.42
207.45
207.48
207.51
207.54
207.57
207.6

207.63
207.66
207.69
207.72
207.75
207.78
207.81
207.84
207.87
207.9

207.93
207.96
207.99
208.02
208.05
208.08
208.11
208.14

0.72
0.61
0.58
0.82
0.86
0.63
0.66
0.62
0.85
0.58
0.86
0.7

0.29
0.4

0.86
0.56
0.43
0.38
0.44
0.57
0.37
0.44
0.78
0.77
0.66
0.84
0.84
0.92
0.83
0.89
1.29
1.09
0.8

0.57
0.79
0.76
1.09
1.16
1.02
0.93
1.49
1.19
1.05
1.02
0.75
0.75
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208.17
208.2

208.23
208.26
208.29
208.32
208.35
208.38
208.41
208.44
208.47
208.5

208.53
208.56
208.59
208.62
208.65
208.68
208.71
208.74
208.77
208.8

208.83
208.86
208.89
208.92
208.95
208.98
209.01
209.04
209.07
209.1

209.13
209.16
209.19
209.22
209.25
209.28
209.31
209.34
209.37
209.4

209.43
209.46
209.49
209.52

0.96
1.02

0.85
0.9
0.63
0.87
1.24
0.84
1.14
1.01
0.92
1.15
0.75
0.96
1.16
0.86
0.95
0.7
0.7
1.06
0.61
0.76
0.88
0.83
0.54
0.72
0.9
0.98
0.26
0.36
0.7
0.74
1.02
0.87
0.87
1.01
0.82
0.67
1.16
0.85
0.68
0.42
0.73
0.74

209.55
209.58
209.61
209.64
209.67
209.7

209.73
209.76
209.79
209.82
209.85
209.88
209.91
209.94
209.97

210

210.03
210.06
210.09
210.12
210.15
210.18
210.21
210.24
210.27
210.3

210.33
210.36
210.39
210.42
210.45
210.48
210.51
210.54
210.57
210.6

210.63
210.66
210.69
210.72
210.75
210.78
210.81
210.84
210.87
210.9

0.75
0.88
0.8
0.81
111
1.01
1.45
1.72
1.65
1.69
0.41
1.15
0.89
0.97
1.19
0.89
1.15
1.09
0.84
0.92
0.92
0.75
0.84
0.97
1.03
1.08
0.96
1.04
1.26
0.99
0.88
1.43
1.27
1.18
0.86
0.98
1.17
1.19
1.39
1.32
1.05
1.33
0.81
1.35
0.93
0.51
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210.93
210.96
210.99
211.02
211.05
211.08
211.11
211.14
211.17
211.2

211.23
211.26
211.29
211.32
211.35
211.38
211.41
211.44
211.47
2115

211.53
211.56
211.59
211.62
211.65
211.68
211.71
211.74
211.77
211.8

211.83
211.86
211.89
211.92
211.95
211.98
212.01
212.04
212.07
212.1

212.13
212.16
212.19
212.22
212.25
212.28

11
0.99
1.11
0.78

0.7
0.66
0.62
0.47
1.04
1.01
0.66
0.47
0.59

0.5
0.59

0.7
0.99
1.11
0.75
0.72

0.5
0.96
0.93
0.77
0.62
1.09
1.28
0.73

0.5
0.78
0.54
1.36
0.94
0.99
0.78
1.13

13
1.23
1.26
1.08
1.13
1.09
1.01
0.76

1.2
1.15

21231
212.34
212.37
212.4

212.43
212.46
212.49
212.52
212.55
212.58
212.61
212.64
212.67
212.7

212.73
212.76
212.79
212.82
212.85
212.88
212.91
212.94
212.97

213

213.03
213.06
213.09
213.12
213.15
213.18
213.21
213.24
213.27
213.3

213.33
213.36
213.39
213.42
213.45
213.48
213.51
213.54
213.57
213.6

213.63
213.66

1.06
0.83
1.17
0.81
0.96
1.02
0.94
0.81
0.93
0.95
0.85
0.9
0.84
0.58
0.69
0.93
0.85
0.82
0.73
0.76
0.51
0.59
0.58
0.8
0.66
0.72
0.74
0.79
0.55
0.8
0.56
0.59
0.74
0.75
0.83
11
0.61
0.41
0.29
0.55
0.62
0.8
0.67
0.69
0.86
0.79
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213.69
213.72
213.75
213.78
213.81
213.84
213.87
213.9
213.93
213.96
213.99
214.02
214.05
214.08
214.11
214.14
214.17
214.2
214.23
214.26
214.29
214.32
214.35
214.38
214.41
214.44
214.47
2145
214.53
214.56
214.59
214.62
214.65
214.68
214.71
214.74
214.77
214.8
214.83
214.86
214.89
214.92
214.95
214.98
215.01
215.04

0.77
1.11
15
1.46
1.52
1.11
0.94
0.75
0.59
0.88
0.85
0.44
0.4
0.57
0.7
1.19
1.11
1.27
1.14
0.87
0.65
0.93
1.07
1.06
1.15
1.06
1.25
1.14
1.28
0.99
1.27
1.23
1.36
1.32
1.46
1.47
1.43
1.21
1.27
1.08
1.17
1.2
1.08
1.02
0.96
0.8

215.07
2151
215.13
215.16
215.19
215.22
215.25
215.28
215.31
215.34
215.37
2154
215.43
215.46
215.49
215.52
215.55
215.58
215.61
215.64
215.67
215.7
215.73
215.76
215.79
215.82
215.85
215.88
215.91
215.94
215.97
216
216.03
216.06
216.09
216.12
216.15
216.18
216.21
216.24
216.27
216.3
216.33
216.36
216.39
216.42

0.82
0.75
0.98
0.95

1.23
1.09
0.79
1.12
1.23
0.85
0.91
0.3
0.93
0.59
0.37
0.58
0.68
111
0.47
0.78
0.71
0.77
1.05
0.83

1.08
0.92
0.65
0.87
0.65
0.66
0.67
0.27
0.39
0.6
0.88
0.61
0.77
0.74
0.71
0.58
0.93
0.67
0.48
0.68
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216.45
216.48
216.51
216.54
216.57
216.6

216.63
216.66
216.69
216.72
216.75
216.78
216.81
216.84
216.87
216.9

216.93
216.96
216.99
217.02
217.05
217.08
217.11
217.14
217.17
217.2

217.23
217.26
217.29
217.32
217.35
217.38
217.41
217.44
217.47
217.5

217.53
217.56
217.59
217.62
217.65
217.68
217.71
217.74
217.77
217.8

0.9
0.58
0.47

0.8
0.37
1.35
1.23
1.32
1.01
0.99
1.17
0.81
0.83
0.92
0.82
0.66
0.79
0.88
0.75
0.78

0.6
0.85

0.84
0.98
1.04
0.97
0.92
0.81
1.21
1.05
1.27
1.38
1.16
1.19
131
0.81
0.68
0.98
0.94
1.26
0.91
0.8
0.84
1.09
0.84

217.83
217.86
217.89
217.92
217.95
217.98
218.01
218.04
218.07
218.1

218.13
218.16
218.2

218.23
218.26
218.29
218.32
218.35
218.38
218.41
218.44
218.47
218.5

218.53
218.56
218.59
218.62
218.65
218.68
218.71
218.74
218.77
218.8

218.83
218.86
218.89
218.92
218.95
218.98
219.01
219.04
219.07
219.1

219.13
219.16
219.19

0.94
0.95
0.64
0.9
0.9
0.82
0.57
1.11
1.3
0.94
0.54
0.69
0.66
0.52
0.36
0.45
0.73
0.8
0.82
0.77
0.84
1.18
0.85
0.8
0.69
1.03
0.9
0.76
0.9
0.82
0.56
1.03
0.71
0.85
0.8
0.62
0.82
0.81
0.81
0.79
0.72
0.59
0.17
0.8
0.61
0.93
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219.22
219.25
219.28
21931
219.34
219.37
219.4

219.43
219.46
219.49
219.52
219.55
219.58
219.61
219.64
219.67
219.7

219.73
219.76
219.79
219.82
219.85
219.88
219.91
219.94
219.97

220

220.03
220.06
220.1

220.13
220.16
220.19
220.22
220.25
220.28
220.31
220.34
220.37
220.4

220.43
220.46
220.49
220.52
220.55
220.58

0.88
1.03
0.98
0.81
0.87
0.81
0.92
0.73
0.83
0.89
1.02
0.9
0.71
0.74
0.76
0.73
0.74
0.43
0.67
0.59
0.68
1.06
0.75
0.99
0.88
0.84
0.78
0.79
0.67
0.52
0.67
0.65
0.97
1.02
0.96
0.91
1.12
0.61
0.8
0.6
0.87
0.55
0.7
1.06
0.93

220.61
220.64
220.67
220.7

220.73
220.76
220.79
220.82
220.85
220.88
22091
220.94
220.97
221.1

221.13
221.16
221.19
221.22
221.25
221.28
221.31
221.34
221.37
221.4

221.43
221.46
2215

221.53
221.56
221.59
221.62
221.65
221.68
221.71
221.74
221.77
221.8

221.83
221.86
221.89
221.92
221.95
221.98

222

222.03
222.06

0.78
0.75
0.66
0.84
1.05
0.56
0.62
0.75
0.59
1.19
0.55
0.87

0.53
0.87
0.67

0.54
11
0.8

0.66

0.74

0.79

0.96

1.08

0.91

1.14

1.07

0.75

1.05

0.72

0.46

0.48

0.66

0.89

0.91

1.03

1.16

1.09
0.7

0.66

0.88

0.93

1.05

0.98

0.99
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222.09
222.12
222.15
222.18
222.21
222.24
222.27
222.3

222.33
222.36
222.39
222.42
222.45
222.48
222.51
222.54
222.57
222.6

222.63
222.66
222.69
222.72
222.75
222.78
222.81
222.84
222.87
222.9

222.93
222.96

223

223.03
223.06
223.09
223.12
223.15
223.18
223.21
223.24
223.27
223.3

223.33
223.36
223.39
223.42
223.45

0.87
0.68
0.76
1.06
0.99
1.07
0.92
1.05
1.02
0.71
0.88
1.26
1.04
0.99
0.84
0.75
0.77
0.58
0.61
0.82
0.85
0.88
0.89
0.81
0.91
0.82
0.91
1.05
0.8
1.09
1.03
0.82
1.27
1.24
1.02
0.82
0.99
0.73
0.66
0.98
0.93
0.69
0.69
0.87
0.9
0.9

223.48
223.51
223.54
223.57
223.6

223.63
223.66
223.69
223.72
223.75
223.78
223.81
223.84
223.87
223.9

223.93
223.96

224

224.03
224.06
224.09
224.12
224.15
224.18
224.21
224.24
224.27
2243

224.33
224.36
224.39
224.42
224.45
224.48
224.51
224.54
224.57
224.6

224.63
224.66
224.69
224.72
224.75
224.78
224.81
224.84

0.91
0.92
1.52
1.47
1.21
1.21
1.58
0.92
1.16
1.05
0.87
0.77
1.01
1.14
1.12
1.41
1.13
1.09
1.13
1.04
1.08
0.93
1.07
0.88
0.9

0.88
0.73

0.95
1.27
1.37
0.96
0.95
0.99
1.06
1.04
1.15
0.86
1.16
0.93
0.87
1.21
0.86
0.94
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224.87
224.9
225
225.03
225.06
225.09
225.12
225.15
225.18
225.21
225.24
225.27
225.3
225.33
225.36
225.39
225.42
225.45
225.48
22551
225.54
225.57
225.6
225.63
225.66
225.69
225.72
225.75
225.78
225.81
225.84
225.87
225.9
225.93
225.95
225.98
226.01
226.04
226.07
226.1
226.13
226.16
226.19
226.22
226.25
226.28

1.12
1.83
0.42
0.86
1.12
0.89
1.02
0.96
1.02
0.93
0.77
1.02
0.98
0.89
1.12
1.45
1.04
1.21
1.18
1.17
0.86
0.96
1.01
0.85
0.85
1.16
1.17
1.14
1.16
1.06
1.06
0.93
1.55
1.04
0.62
0.92

1.07
0.95
0.89
0.79
1.12
0.74
0.73
0.96
0.83

226.31
226.34
226.37
226.4

226.43
226.46
226.49
226.52
226.55
226.58
226.61
226.64
226.8

226.83
226.86
226.89
226.92
226.95
226.98
227.01
227.04
227.07
227.1

227.13
227.16
227.19
227.22
221.25
227.28
227.31
227.34
221.37
227.4

227.43
227.46
227.49
227.52
227.55
227.58
227.61
227.64
227.67
227.7

221.73
227.76
2271.79

0.69
0.96
0.94
0.99
1.06
0.76
0.84
0.93
1.31
1.29
0.98
0.92
1.41
1.22
0.85

0.58
0.88
0.87
0.88
0.88
0.84
0.81
0.77
0.86
0.9
0.85
0.97
1.08
0.88
0.64
0.77
0.72
0.63
0.79
0.95
1.17
1.21
1.24
0.59
0.56
0.75
0.72
0.75
0.95
0.8
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227.82
227.85
227.88
227.91
227.94
2271.97
228

228.03
228.06
228.09
228.12
228.15
228.18
228.21
228.24
228.27
228.3

228.33
228.36
228.39
228.42
228.45
228.48
228.51
228.54
228.57
228.6

228.63
228.66
228.69
228.72
228.75
228.78
228.81
228.84
228.87
228.9

228.93
228.96
228.99
229.02
229.05
229.08
229.11
229.14
229.17

0.82
0.96
0.83

0.79
0.62
0.82
0.69
0.64
0.58
0.78
0.88
131
0.99
1.04
11
0.64
0.85
0.86
0.98
0.92
0.96

0.89
0.71
0.9
0.85
1.01
0.64
0.73
0.85
0.92
0.9
0.88
0.85
1.05
0.89
0.76
0.75
0.99
0.78
0.59
0.59

0.86
0.81

229.2
229.23
229.26
229.29
229.32
229.35
229.38
229.41
229.44
229.47

229.6
229.63
229.66
229.69
229.72
229.75
229.78
229.81
229.84
229.87

229.9
229.93
229.96
229.99
230.02
230.05
230.08
230.11
230.14
230.17

230.2
230.23
230.26
230.29
230.32
230.35
230.38
230.41
230.44
230.47

230.5
230.53
230.56
230.59
230.62
230.65

0.71
0.85
1.03
1.17
1.14
1.03
0.89
0.7
0.79
0.77
0.88
0.68
0.61
0.71
0.59
0.71
0.87
0.73
0.67
0.99
0.79
0.95
1.08
1.01
0.97
1.27
1.1
0.66
0.93
0.91
0.9
1.18
1.25
0.91
0.98
1.07
1.08
0.87
0.78
0.84
1.1
0.73
0.67
0.79
0.73
0.72
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230.68
230.71
230.74
230.77
230.8

230.83
230.86
230.89
230.92
230.95
230.98
231.01
231.04
231.07
231.1

231.13
231.16
231.19
231.22
231.25
231.28
23131
231.34
231.37
231.4

231.43
231.46
231.64
231.67
231.7

231.73
231.76
231.79
231.82
231.85
231.88
231.91
231.94
231.97

232

232.03
232.06
232.09
232.12
232.15
232.18

0.74
0.78
0.82
0.75
0.8
0.85
0.67
0.77
0.74
0.92
1.46
0.93
1.25
1.09
1.16
0.94
0.83
0.8
0.69
0.58
0.54
0.7
0.93
0.6
0.69
0.82
1.22
1.03
0.99
0.86
0.84
0.81
1.03
0.94
0.91

0.92
0.94
0.88
1.12
0.51
0.52
0.73
1.14
1.13
14

232.21
232.24
232.27
232.3

232.33
232.36
232.39
232.42
232.45
232.48
232.51
232.54
232.57
232.6

232.63
232.66
232.69
232.72
232.75
232.78
232.81
232.84
232.87
232.9

232.93
232.96
232.99
233.02
233.05
233.08
233.11
233.14
233.17
233.2

233.23
233.26
233.29
233.32
233.35
233.38
233.41
233.44
233.47
2335

233.53
233.56

1.26
1.49
1.21
0.97
0.77
0.69
0.54
0.33
0.96
0.59
0.69
0.59
0.59
0.77
0.63
0.81
1.02
0.72
0.67
0.93
0.87
1.15
0.97
0.86
0.63
1.02
0.65
0.73
0.73
0.84
1.24
0.82
0.8
0.87
0.7
0.87
1.15
1.23
1.3
1.26
0.99
1.08
0.97
0.9
0.55
0.78
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233.59
233.62
233.65
233.68
233.71
233.74
233.77
233.8

233.83
233.86
233.89
233.92
233.95
233.98
234.01
234.04
234.07
234.1

234.13
234.16
234.19
234.22
234.25
234.28
234.31
234.34
234.37
234.4

234.43
234.46
234.49
234.52
234.55
234.58
234.61
234.64
234.67
234.7

234.73
234.76
234.79
234.82
234.85
234.88
234.91
234.94

0.74
0.55
0.88
0.74
0.96
0.51
0.85
0.71
0.41
0.74
0.75
0.76
0.87
1.07
0.66
0.53
0.94
0.71
0.82
0.87
0.93
1.25
0.68
0.63
1.25
1.15
1.06
0.61
0.6
0.64
0.93
0.88
0.58
0.59
0.66
0.62
0.69
0.64
0.62
0.56
0.66
0.6
0.66
0.73
0.79
0.92

234.97
235
235.03
235.06
235.09
235.12
235.15
235.18
235.21
235.24
235.27
235.3
235.33
235.36
235.39
235.42
235.45
235.48
235.51
235.54
235.57
235.6
235.63
235.66
235.69
235.72
235.75
235.78
235.81
235.84
235.87
235.9
235.93
235.96
235.99
236.02
236.05
236.08
236.11
236.14
236.17
236.2
236.23
236.26
236.29
236.32

0.98
0.62
0.59
0.81
0.93
1.06
1.16
0.81
0.71
0.53
0.49
0.46
0.41
0.49
0.4

0.42
0.55
0.47
0.59
0.5

0.4

0.53
0.5

0.39
0.7

0.38
0.65
0.75
0.55
0.61
0.65
0.65
0.58
0.92
0.7

1.01
0.81
0.69
0.78
0.85
0.81
0.82
0.74
0.82
0.9

0.85
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236.35
236.38
236.41
236.44
236.47
236.5

236.53
236.56
236.59
236.62
236.65
236.68
236.71
236.74
236.77
236.8

236.83
236.86
236.89
236.92
236.95
236.98
237.01
237.04
237.07
237.1

237.13
237.15
237.18
237.21
237.24
237.27
237.3

237.33
237.36
237.39
237.42
237.45
237.48
237.51
237.54
237.57
237.6

237.63
237.66
237.69

0.86
0.77
0.62
0.9
0.65
0.85
0.67
0.71
0.63
0.62
0.85
0.81
0.58
0.86
0.82
0.79
0.93
0.9
0.95
0.7
0.74
0.84
0.82
0.82
0.89
0.68
0.83
0.7
0.83
0.65
0.51
0.7
0.69
0.53
0.72
0.52
0.59
0.77
0.63
0.73
0.89
0.59
0.57
0.53
0.74
0.66

237.72
237.75
237.78
237.81
237.84
237.87
237.9
237.93
237.96

0.68
0.87
0.93
0.75
0.63
0.57
0.73
0.87
0.78
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