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RESUMO

Os metais-traco desempenham um papel fundamental nos ciclos biogeoquimicos, influenciando
processos ambientais em ecossistemas marinhos e terrestres. Esta tese investiga a dindmica
geoquimica do cromo (Cr), manganés (Mn), zinco (Zn) e mercurio (Hg) em diferentes matrizes
ambientais, com foco em suas fontes, transformagodes e destino. Utilizando uma combinagdo de
técnicas analiticas avancadas, incluindo X-ray Absorption Spectroscopy (XAFS) e isotopos
estaveis, esta pesquisa desafia paradigmas convencionais sobre o ciclo dos metais-trago e oferece
novas perspectivas sobre seu comportamento ambiental. O primeiro estudo examina a especiacao
do Cr em sedimentos marinhos redutores e folhelhos negros, demonstrando que o Cr(III) ligado a
matéria organica natural (Cr(III)-NOM) representa um reservatorio significativo, anteriormente
negligenciada em reconstrugdes paleo-redox. O segundo estudo utiliza is6topos de Hg para rastrear
fontes de contaminag@o provenientes da mineracao de ouro artesanal e em pequena escala (ASGM)
na Amazonia brasileira. Os resultados revelam caminhos distintos de fracionamento isotopico do
Hg associados a deposi¢do atmosférica e as atividades de mineragdo, fornecendo uma base robusta
para distinguir entradas naturais e antropicas de Hg. O terceiro estudo investiga a especiagdo de
Mn e Zn em solos tropicais altamente intemperizados. As andlises de XAFS revelam o papel crucial
da matéria organica natural (NOM) na estabilizacdo do Mn/Zn em ambientes tropicais. De forma
geral, esta pesquisa aprimora nossa compreensdo da biogeoquimica de metais-traco em contextos
marinhos e de solos tropicais, oferecendo novas perspectivas sobre seus ciclos ambientais.

Palavras-chave: Geoquimica; Manganés; Zinco; Mercurio; Isotopos Estaveis; X-ray Absorption

Spectroscopy (XAFS); Sedimentos Marinhos; Solos Tropicais.



ABSTRACT

Trace metals play a fundamental role in biogeochemical cycles, influencing environmental
processes in marine and terrestrial ecosystems. This thesis investigates the geochemical dynamics
of chromium (Cr), manganese (Mn), zinc (Zn), and mercury (Hg) across different environmental
matrices, focusing on their sources, transformations, and fate. Using a combination of advanced
analytical techniques, including X-ray Absorption Fine Structure (XAFS) spectroscopy and stable
isotope geochemistry, this research challenges conventional paradigms of trace metal cycling and
provides novel insights into their environmental behavior. The first study examines Cr speciation
in reducing marine sediments and black shales, demonstrating that Cr(III) bound to natural organic
matter (Cr(II[)-NOM) represents a significant burial phase previously overlooked in paleo-redox
reconstructions. The second study utilizes Hg isotopes to trace contamination sources from
artisanal and small-scale gold mining (ASGM) in the Brazilian Amazon. The results reveal distinct
Hg isotope fractionation pathways associated with atmospheric deposition and mining activities,
providing a robust framework for distinguishing natural and anthropogenic Hg inputs. The third
study investigates Mn and Zn speciation in highly weathered tropical soils. XAFS analyses reveal
the critical role of NOM in stabilizing Mn/Zn in tropical environments. Overall, this research
refines our understanding of trace metal biogeochemistry in marine and tropical soils settings,
offering new perspectives on their environmental fate and cycling.

Keywords: Geochemistry; Chromium; Manganese; Zinc; Mercury; Stable Isotopes; X-ray

Absorption Spectroscopy (XAFS); Marine Sediments; Tropical Soils



INDICADORES DE IMPACTO

O trabalho contribui para o avango do conhecimento cientifico sobre a dindmica de metais-
trago em solos tropicais e ecossistemas marinhos, com especial énfase nos elementos cromo,
mercurio, manganés e zinco. Por meio da aplicagdo de técnicas analiticas avangadas, como a
espectroscopia de absor¢do de raios X (XAFS) e andlises isotopicas, foram obtidas evidéncias
sobre a especiagao quimica desses elementos, suas fontes, transformagdes e vias de deposi¢do. Os
resultados apresentam impactos tecnoldgicos relevantes ao proporem melhorias metodoldgicas
para o rastreamento da contaminagdo por Hg na Amazdnia brasileira, especialmente em areas
afetadas pela mineragdo artesanal de ouro. Tais achados possuem potencial de aplicagdo direta em
politicas publicas voltadas ao monitoramento ambiental, controle da polui¢do e mitigacao de riscos
a saude humana e ecossistémica. Do ponto de vista social, o estudo apoia estratégias de prote¢ao
ambiental e saude coletiva em territdrios amazonicos vulneraveis, promovendo agdes alinhadas aos
Objetivos de Desenvolvimento Sustentavel (ODS) da ONU, em especial os relacionados a saude e
bem-estar, dgua potavel e saneamento, agdo contra a mudanga global do clima e vida terrestre. O
componente extensionista manifesta-se na cooperagao cientifica entre institui¢des nacionais e
internacionais (UFLA e Central Michigan University), possibilitando o intercambio de
pesquisadores e o treinamento de recursos humanos em técnicas analiticas avangadas. A pesquisa
insere-se nas areas tematicas de meio ambiente, salide e tecnologia e produgdo, conforme

estabelecido pela Politica Nacional de Extensao.



IMPACT INDICATORS

The work contributes to advancing scientific knowledge on the dynamics of trace metals in
tropical soils and marine ecosystems, with particular emphasis on the elements chromium, mercury,
manganese, and zinc. Through the application of advanced analytical techniques, such as X-ray
absorption spectroscopy (XAFS) and isotopic analyses, evidence was obtained regarding the
chemical speciation of these elements, their sources, transformations, and deposition pathways.
The results have relevant technological impacts by proposing methodological improvements for
tracking mercury contamination in the Brazilian Amazon, particularly in areas affected by artisanal
gold mining. These findings have direct application potential in public policies focused on
environmental monitoring, pollution control, and the mitigation of risks to human and ecosystem
health. From a social perspective, the study supports environmental protection and public health
strategies in vulnerable Amazonian territories, promoting actions aligned with the United Nations
Sustainable Development Goals (SDGs), especially those related to good health and well-being,
clean water and sanitation, climate action, and life on land. The extension component is reflected
in the scientific cooperation between national and international institutions (UFLA and Central
Michigan University), enabling researcher exchange and the training of human resources in
advanced analytical techniques. The research falls within the thematic areas of environment, health,

and technology and production, in accordance with the National Extension Policy.
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1. PRIMEIRA PARTE

2. INTRODUCAO GERAL

Metais-traco desempenham papéis cruciais em processos ambientais € geoquimicos,
especialmente em ecossistemas marinhos e terrestres. Sua mobilidade, biodisponibilidade e
sequestro a longo prazo sdo regulados por interagcdes complexas com, por exemplo, matéria
organica, fases minerais e reagdes sensiveis ao potencial redox (Kabata-Pendias e Szteke, 2015;
Konhauser et al., 2011). Entre esses elementos, o cromo (Cr), manganés (Mn) e mercurio (Hg)
apresentam comportamentos redox dinamicos que determinam seus impactos ambientais, desde a
toxicidade até os ciclos de nutrientes. Compreender essas dinamicas ¢ essencial para reconstruir
condi¢des ambientais do passado, mitigar contaminagdes € manejar ecossistemas vulneraveis. Esta
tese investiga o comportamento geoquimico desses metais em ambientes marinhos e tropicais,
desafiando paradigmas convencionais por meio de técnicas analiticas avangadas, como a
espectroscopia de estrutura fina de absor¢ao de raios X (XAFS) e a geoquimica de isétopos
estaveis. Ao integrar informagdes isotdpicas e em escala molecular, este trabalho refina modelos
existentes de ciclagem de metais e propde novas abordagens para interpretar seu destino ambiental.

O cromo, amplamente utilizado como proxy paleo-redox, tem sido tradicionalmente
associado a hidroxidos de ferro e cromita em registros sedimentares (Miller et al., 2017; Wang et
al., 2016). No entanto, estudos recentes sugerem que a matéria organica natural (NOM)
desempenha um papel significativo na estabilizacao de Cr(III) autigénico por meio de complexacao
— uma via anteriormente negligenciada (Gustafsson et al., 2014; Lov et al., 2017). Isso desafia a
suposicao de que o enterramento de Cr € dominado por fases inorganicas, com implicacdes para a
interpretagdo de assinaturas isotdpicas de Cr em reconstrugdes paleoambientais. Por exemplo,
discrepancias entre as fracdes de Cr autigénico estimadas por balanco de massa isotopico e aquelas
medidas por XAFS destacam a necessidade de considerar o Cr(Ill) ligado a matéria organica
(Gueguen et al., 2016; Reinhard et al., 2014). Tais achados ressaltam a importancia da analise direta
da especiagdo para evitar interpretacdoes equivocadas das condi¢des redox em bacias marinhas
antigas.

O mercurio, por outro lado, apresenta desafios unicos devido a sua volatilidade e a
complexa fracionagdo isotopica. Atividades antropicas, especialmente a mineragdo de ouro

artesanal e em pequena escala (ASGM), liberam quantidades substanciais de Hg nos ecossistemas,
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mas distinguir os aportes antropicos dos niveis naturais de fundo continua sendo uma tarefa dificil
(Miserendino et al., 2017; UNEP, 2023). Iso6topos de mercurio exibem fracionamento dependente
de massa (MDF) e independente de massa (MIF), oferecendo uma ferramenta robusta para
rastreamento das fontes de contaminagdo. Por exemplo, valores de A'®’Hg proximos de zero em
solos afetados por ASGM contrastam fortemente com as assinaturas negativas de A'’Hg do Hg(II)
depositado atmosfericamente em florestas nao perturbadas, permitindo uma identificagao precisa
das fontes (Zheng et al., 2016; Schudel et al., 2019). Essa abordagem isotopica ndo apenas rastreia
as emissoes de Hg, mas também esclarece processos pos-deposicionais, como a reducdo
fotoquimica e a metilagdo microbiana, que influenciam o ciclo do merctirio em ecossistemas
tropicais (Jiskra et al., 2015; Fu et al., 2024).

Em solos tropicais, a especiagdo de Mn e Zn € controlada por flutuagdes redox e interagdes
com matéria organica. O manganés, um elemento sensivel ao redox, circula entre formas soliveis
de Mn(1I) e fases oxidadas de Mn(III/IV), atuando tanto como nutriente quanto como sequestrador
de outros metais-traco (Feng et al., 2007; Briiggenwirth et al., 2024). Analises por XAFS revelam
que complexos Mn(II)-NOM dominam as camadas superficiais, enquanto horizontes mais
profundos apresentam maiores propor¢des de Oxidos de Mn, refletindo gradientes redox
dependentes da profundidade (Manceau et al., 2005; Zahoransky et al., 2023). De forma
semelhante, a especiacdo do Zn muda de espécies ligadas a matéria organica em solos superficiais
para fases inorganicas como Zn-gibsita em profundidade, destacando o papel da NOM na
estabilizacdo do Zn em solos tropicais altamente intemperizados (Gomes et al., 2023; Barreto et
al., 2024). Esses achados ressaltam a necessidade de se considerar as interagcdes organico-
inorganicas ao avaliar a biodisponibilidade de metais e os riscos ecoldgicos em ambientes tropicais.

A integracao de métodos isotdpicos € espectroscopicos nesta tese avanga a compreensao
sobre a dinamica de metais-traco em diferentes escalas espaciais e temporais. Ao resolver a
especiagdo e as assinaturas isotopicas de Cr, Hg, Mn e Zn, este trabalho desafia modelos
geoquimicos existentes e fornece ferramentas praticas para o monitoramento e a remediacdo
ambiental. Por exemplo, a identificacdo de complexos Cr(III)-NOM como principal fase de
enterramento refina os proxies paleo-redox, enquanto os dados isotopicos de Hg oferecem um
referencial para a regulamentacdo das atividades de mineragao ilegal na Amazonia (Schudel et al.,

2019; Ghoveisi et al., 2024). Em ultima andlise, esta pesquisa conecta lacunas entre processos
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biogeoquimicos modernos e registros paleoambientais, oferecendo insights essenciais para a

preservacao de solos e ambientes marinhos em ecossistemas tropicais frente as pressoes antropicas.

3. ESCOPO DA TESE

Esta pesquisa estd estruturada em trés capitulos, cada um abordando um aspecto distinto da

biogeoquimica de metais e da geoquimica ambiental:

e A Matéria Orginica como Sumidouro de Cromo Autigénico em Folhelhos Negros e
Sedimentos Redutores Modernos: Implicacoes para o Cromo como Proxy Paleo-

Redox

Este capitulo explora o papel da matéria organica natural (MON) na fixa¢do do Cr em
sedimentos marinhos redutores ¢ folhelhos negros. Ao questionar os modelos tradicionais que
atribuem o sepultamento do Cr principalmente aos hidroxidos de ferro-cromo e a cromita, este
estudo oferece novas perspectivas sobre o comportamento geoquimico do Cr em ambientes

anodxicos e suas implicagdes para a reconstrugdo das condi¢des redox oceanicas passadas

e Uso de isotopos de mercurio para rastrear a contaminacio da mineracio artesanal e

em pequena escala na Amazonia Brasileira

Este capitulo utiliza a analise de is6topos estaveis de Hg para identificar e distinguir fontes
antropogénicas e naturais de contaminagdo por Hg na Floresta Amazonica. O estudo aprimora
nossa compreensdao do destino e transporte do Hg em ecossistemas tropicais afetados por
atividades de mineragdo artesanal e em pequena escala (MAEPS), avaliando padrdes de

fracionamento isotopico e transformagdes pos-deposicionais.

e Especiacio e Mobilidade do Manganés e do Zinco em Solos Tropicais: Insights do

Bioma da Floresta Amazonica

Este capitulo investiga a especiacdo quimica e a mobilidade do Mn e do Zn em solos
tropicais altamente intemperizados, com foco em suas interagdes com a matéria organica e as fases
minerais. O estudo oferece insights importantes sobre o ciclo dos nutrientes e a dinamica dos
metais em ambientes tropicais, avaliando os fatores que controlam a biodisponibilidade do Mn e

do Zn.
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ABSTRACT

Chromium systematics from marine anoxic sedimentary systems have been used for paleo-redox
reconstruction efforts for over a decade. Yet we still ignore the burial pathways leading to Cr
sequestration in marine-reducing sediments. Many studies in soil systems demonstrated the
importance of natural organic matter (NOM) in complexing and/or reducing Cr. Still, the potential
role of NOM in binding with Cr in marine-reducing sediments has never been explored. By using
a combination of X-ray Absorption Near Edge Structure (XANES) and Extended X-ray absorption
Fine structure (EXAFS), Cr speciation was determined for the first time in natural black shales and
modern anoxic marine sediments. Three main species control Cr speciation: chromite (FeCr204),
iron-chromium hydroxide ((Fe,Cr)(OH)s(s)), and Cr(IIT1)-NOM complexes. The results showed that
Cr(III)-NOM complexes are present in sedimentary records as a significant phase of authigenic Cr.
This discovery introduces a new Cr burial pathway in marine sediments, fundamentally challenging
traditional models that consider only chromite and iron-chromium hydroxide species. Our Cr
XANES and EXAFS data contradicts some previous estimations of authigenic chromium and
highlights the importance of determining in situ Cr speciation or targeting only authigenic Cr

phases for paleo-redox reconstruction.
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INTRODUCTION

Chromium (Cr) exhibits a wide range of oxidation states, from -II to +VI. However, its
geochemical and environmental significance is primarily tied to the trivalent Cr(III) and hexavalent
Cr(VI) species. The latter species is highly soluble and a potent oxidizing agent, readily penetrating
biological systems, inducing oxidative stress, cellular damage, and carcinogenesis, posing
significant risks to human health and ecosystems (Mishra & Bharagava, 2016; Kabata-Pendias and
Szteke, 2015). The main reason for studying Cr geochemistry is connected to its environmental
toxicity; yet another application is its use as a paleo-redox proxy.

As a paleo-redox proxy, the Cr isotope ratio (5°°Cr) has been successfully measured in
sedimentary records to reconstruct redox conditions in ancient oceans and/or assess the importance
of oxidative weathering on Earth’s redox evolution (Albut et al., 2018; Bruggmann et al., 2019). The
use of Cr systematic as a paleo-redox proxy is strongly related to its contrasted redox behavior,
marked by dissolved/particulate inputs from weathering from the continental crust, followed by
burial in anoxic marine basins (Babechuk et al., 2017). Within the continental crust, Cr occurs
mainly within Cr-rich minerals such as Chromite (Gueguen et al., 2016). The average Cr
concentration in the upper crust is 83 ppm (McLennan, 2001), with the highest values found in
black shales (26-1000 ppm; e.g., Richard and Bourg, 1991).

Natural Cr is released from the upper continental crust primarily via weathering of
ultramafic rocks, shale, and soil (Prego et al., 2014; Reinhard et al., 2014) and volcanic activity
(Van de Velde et al., 1999; Nagajyoti et al., 2010). In the presence of Mn(IIl) and Mn(IV)
(hydr)oxide minerals, Cr(Ill), mainly chromite, is oxidized to hexavalent chromium Cr(VI).
Although geochemically inert and resistant to weathering, chromite can be oxidized and dissolved
upon interaction with manganese (IV) species (e.g., birnessite - MnO) (Oze, 2020). To promote
the Cr(III) oxidation, solid mineral Mn(II) must be removed from igneous and metamorphic rocks
via weathering and readily oxidized by O to form Mn(VI)-(hydr)oxides (e.g., Wadhawan et al.,
2015; Feng et al., 2007). The oxidation of Cr(IIl) requires multiple steps: 1) adsorption of Cr(III)
onto the Mn(IV)Ox) or Mn(III)OOH(s) mineral surface (i.e., birnessite, todorokite, hausmannite,
pyrolusite); 2) Mn(III/IV) mineral surface oxidizes Cr(IIl) to Cr(VI) through stepwise electron
transfer; 3) Cr(VI) and Mn(II) desorb; and 4) Cr(IlI)-hydroxides (i.e., Cr-OH species; Cr(OH)s(s))
desorb and precipitate as reaction products (Zhang et al., 2019; Landrot et al., 2010).
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During its transport from rivers to oceans within oxygenated waters, dissolved Cr occurs as
Cr (VI), mainly as soluble chromate anions like CrO4>" and HCrO4~ (Wadhawan et al., 2015;
Johnson et al., 1992). However, under reducing conditions, chromium species are present as Cr-
hydroxides, including elemental Cr**, CrOH?**, Cr(OH),"*, Cr(OH)3(aq), and Cr(OH)4™ (Liang et al.,
2021). The mechanisms controlling the Cr oxidation state in natural waters include redox reactions,
adsorption/desorption, precipitation/dissolution, and complexation (Liang et al., 2021).

Hexavalent Cr can be reduced to Cr(III) by reaction with Fe(II)-S phases, hydrogen sulfide,
and a variety of organic substrates (H-atom transfer (HAT) mechanism) (Liu et al., 2019; Zhang et
al., 2019):

Particulate and dissolved organic matter (POM and DOM) are the main reductant agents
for Cr(VI) in the oceans (Wittbrodt and Palmer, 1996; Bolan et al., 2003). Anoxic or euxinic
conditions are generally required. Adsorption and precipitation processes are thought to control Cr
burial in the oceans, primarily forming solid Cr(IlI)-hydroxide and Fe(IlI), Cr(Il)-hydroxide at pH
5.5 and above (Eary and Rai, 1987; Sass and Rai, 1987; Rai et al., 1987). These forms are
considered the authigenic fraction of Cr in marine sediments (Reinhart et al., 2014). Experimental
approaches have shown that the end product of Cr(VI) reduction by Fe(Il) is Cr(III) and Fe(III)
hydroxides co-precipitation (Cranston and Murray, 1978; Eary and Rai, 1988; Buerge and Hug,
1997), and Cr(OH)3s) (Eary and Rai, 1988). In alkaline environments, complexation and
precipitation with OH™ occur (Fendorf and Zasoski, 1992). Detrital clastic minerals containing
Cr(IIT) from the terrestrial environment (e.g., chromite) are also eroded and transported directly to
oceans and buried in sediment without any change of redox reactions (Francois, 1988; Tribovillard
et al., 2006). This is the detrital fraction of chromium in marine sediments (Reinhart et al., 2014).

Only the authigenic fraction of Cr is relevant for paleo-redox reconstruction purposes, since
a substantial and measurable isotopic fractionation occurs during the partial reduction of Cr(VI) to
Cr(III) within the oceanic pool (Zink et al., 2010; Wanget al., 2015). While Cr’s role as a paleo-
redox proxy has gained considerable attention, the complexities of its interactions with natural
organic matter (NOM) in sedimentary records remain largely unknown. It is well established that
NOM, a complex assemblage of organic compounds including humic substances, proteins, lipids,
and lignin derivatives, can act as a powerful reductant and complexing agent for Cr(VI) within the

water column of oceans (neutral to alkaline pH ranges) (Deng et al., 2023; Boussouga et al., 2023).
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However, the potential of NOM to act as a major hosting phase for Cr in marine sediments has not
yet been considered.

Different studies have already reported the natural formation of monomeric and polymeric
Cr(III)-NOM complexes in water and soils in a wide range of pH (Gustafsson et al., 2014;
Nakayama et al., 1981; Sajidu et al., 2008; Ma et al., 2023). Similar phenomena are expected to
occur in sedimentary records, which can lead to significant Cr(III)-NOM associations in marine
sediments (Gustafsson et al., 2014; Lov et al., 2017), but these interactions have never been
demonstrated. These complexes could represent a substantial portion of authigenic Cr that the
scientific community has previously overlooked. The possible formation and stability of these
Cr(III)-NOM species across various sedimentary environments raise critical questions about using
Cr for paleoenvironmental reconstruction purposes and for determining its authigenic portion.

Therefore, the main goals of this study were (1) characterize the Cr speciation within a vast
selection of sediments buried under anoxic conditions and spanning from Archean to the modern
age; (2) confirm the presence of Cr(II[)-NOM species; (3) quantify the importance of the Cr(IlI)-
NOM species; and (4) propose a new model that integrates the Cr(III)-NOM burial pathway.

METHODS

Sample selection

For this study, samples were selected from six different geological formations or marine
basins: the McRae Formation, Transvaal Basin, Zaonega Formation, Demerara Rise, Cariaco
Basin, and Peru Margin. There were 18 sediment samples in total (three for each study site). Our
sample selection aimed to represent various reducing conditions, from anoxia to euxinia, and ages,

spanning from the early Precambrian to the modern Phanerozoic (Table 1).

Table 1: Sample name, sample ID, formation, and age of the black shales and modern sediments.

Sample [Cr] 3Cr

Sample Name Formation Age
ID ppm (%o0)
ABDP-9-141-72 01 McRae 3.40-2.70 (Ga) 291.00  N. A.
ABDP-9-15780 02 McRae 3.40-2.70 (Ga) 231.00  N.A.
AIDP3-78.4 03 McRae 3.40-2.70 (Ga) 332.00 N.A.
GKPO1 484.38 04 Transvaal Basin ~ 2.67-2.10 (Ga) 128.00  N. A.
GKPO01 271.90 05 Transvaal Basin ~ 2.67-2.10 (Ga)  62.26 N. A.



GKPO1 486.07 06 Transvaal Basin ~ 2.67-2.10 (Ga)  98.00 N. A.
13A 137.01 07 Zaonega 2.05-2.00 (Ga)  60.00 N. A.
13A 140.29 08 Zaonega 2.05-2.00 (Ga)  88.00 N. A.
13A-23-80 09 Zaonega 2.05-2.00 (Ga)  53.00 N. A.
207-1258A 42-5 51-53 10 Demerara Rise 94.40 (Ma) 44.30 1.43
207-1258A 42-5 51- )
53 Pyrite 11 Demerara Rise 94.40 (Ma) 44.30 1.43
207-1258A 43-2 39-41 12 Demerara Rise 94.40 (Ma) 155.30 1.43
PLO7-111BX 13 Cariaco basin 19.00 (Ka) 135.00 0.39
PL07-22BX 14 Cariaco basin 19.00 (Ka) 88.00 0.42
PL0O7-89BX 15 Cariaco basin 19.00 (Ka) 113.00 0.35
MUCI15 3.5 16 Peru Margin 2.50 (Ka) 136.70 0.50
MUC19 0.5 17 Peru Margin 2.50 (Ka) 102.40 0.73
MUC19 3.5 18 Peru Margin 2.50 (Ka) 133.90 0.75

23

No Cr isotopic signatures (§°Cr) were published for the formations McRae (cores ABDP
and AIDP), Zaonega (core 13A) and Transvaal Basin (core GPKO1). All sediment samples selected
for that study display a Cr concentration higher than 40 ppm of Cr to ensure the collection of high-
quality XAFS spectra.

X-ray Absorption Fine Structure Spectroscopy

Before Cr speciation analysis, homogenous powdered rock and sediment samples were
pressed into sample holders made from Teflon slides with a window of 7 mm x 22 mm x 1 mm and
sealed on both sides with X-ray transparent Kaptone Tape at the STARLAB (Central Michigan
University). Thin sections (I mm thick) were used to characterize the Transvaal Basin samples.
Due to Demerara Rise black shale's small, brittle nature, samples were sealed into epoxy resin.

X-ray Absorption Near Edge Structure (XANES) measurements were conducted at the
Advanced Photon Source and Photon Factory (PF; Tsukuba, Japan) at beamlines 13-IDE and BL-
12C, respectively. At BL 13-ID-E, Si(111) double crystal monochromators were used in
conjunction with harmonic rejection mirrors. Fluorescent X-rays (XRF) were measured using a
Vortex silicon drift detector (SDD). The incident beam intensity was detuned by 20% to reject

higher-order harmonic frequencies. At BL-12C in PF, Si(111) double crystal monochromators were
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used, and a Ni-coated mirror was used to reject high orders. The XRF was measured by an
AMPTEK 7-elements SDD. The energy was calibrated in transmission mode with a Cr(0) foil.
Spectra were collected at the Cr K-edge energy (5,989 eV). At least three spectra per location were
collected to improve the signal-to-noise ratio. For each sample, three locations were selected to
account for any heterogeneity. Ultimately, each sample provided nine spectra from 3 distinct
locations, all merged into one. To correctly interpret our spectra, seven Cr reference standards,
including BaCr(VI)Os, Cr(VI)Os, (Fe, Cr(111))(OH)3, FeCr(I11)204, Cr(111),03 and Cr(IIl) bound to
natural organic matter — Cr(III)-NOM (Gustafsson et al., 2014), and Cr(I[)O were run.

Linear combination fitting (LCF) was applied for the XANES region to determine the
predominant Cr species and their respective amounts. All possible combinations of Cr standards
were tested. For each sample, the combination with the best statistical result was chosen to be
representative of the Cr speciation.

Extended X-ray absorption fine structure (EXAFS) data was collected for four samples
from Transvaal Basin and Demerara Rise (05, 06, 10, 11) to characterize the molecular environment
of Cr within sediments and to confirm the presence of Cr-NOM interactions. The ARTEMIS
software was used to model the local atomic environment around Cr. Coordination numbers (CN),
interatomic distances (R), and Debye-Waller factors (c?) were determined and compared to
published standards. The goodness of fit was evaluated by the R factor, and values below 0.05 were

considered indicative of high-quality fits for this set of samples.

RESULTS

X-ray absorption near to the edge structure (XANES)

XANES spectra for all samples can be found in the supplementary material - fig. S 1 to S
6. Spectra collected for Cr(VI) species exhibit a distinct pre-edge peak at approximately 5593.7
eV, caused by a bound-state Is to 3d transition (Fig. 1). This feature is a well-known characteristic
of Cr(VI) species and has commonly been used to differentiate between bivalent, trivalent, and
hexavalent chromium (Berry and O’Neill, 2004). As expected,, this pre-edge feature is not visible
for all the samples analyzed, confirming the absence of Cr(VI) species within all the tested samples.
The chromium (IT) (CrO) spectrum exhibits a K-edge peak slightly shifted to lower energy, ~6006
eV, and a pronounced shoulder between ~5994 and ~5998 eV. This shoulder is associated with the

Is = 4s electron transition and is commonly used to infer the presence of Cr(II) species (Berry and
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O’Neill., 2004). This characteristic Cr(II) shoulder cannot be detected for all samples, and the K-
edge peaks of our samples are shifted to higher energies (see Fig. S1), confirming the absence of
Cr(IT) species. The chromic oxide (Cr2(IIT1)O3) standard exhibits two low-intensity pre-edge peaks
at ~5991 eV and ~5994 eV that result from the Is to 3d(t2g) and the Is to 3d(eg) electronic
transitions, respectively. The main absorption K-edge peak is shifted to higher energies (~6012
eV). For all samples, the maximum K-edge energy varied between ~6009 eV and ~6011 eV, and

the characteristic low-intensity pre-edge peaks are not visible, confirming the absence of Cr>(I1I)O:s.

5597 6005

5593 | {6012 6009 16011

Peru Margin

Cariaco Basin

Demerara Rise

Zaonega Formation

Normalized Absorption

Transvaal Basin

i McRae
Crm i Formation

5975 6005 6035 6065 S975 6005 6035 6065
Energy (eV)

Figure 1: Chromium XANES K-edge spectra for the standards (left side) and one representative

sample of each formation (right side).

As expected, our LCF confirmed the absence of BaCr(VI)Os, Cr(VI)O3, Cr(II1)Os, and
Cr(I1)O in all samples. All samples display a combination of either two or three Cr species among

the following: (Fe, Cr(II1))(OH)3, FeCr(Il1)204 and Cr(IIT)-NOM. The Cr speciation results for all

samples are shown in Fig. 2.
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McRae Transvaal Zaonega Demerara Cariaco Peru
Formation Basin Formation Rise Basin Margin

~
01 —0.032* 04 — 0.007* 07 - 0.005* 10— 0.005* 13 — 0.008*

A

02 - 0.016* 05— 0.028* 08 -0.018* 11 —0.010*

e

12 —0.011*
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FeCr,0, @ Cr(1)-NOM @ (Fe, Cr)(OH);

e

Figure 2: LCF results for the sediment samples characterized in this study. Numbers from 01 to 18
represent sample ID according to table 1. Numbers followed * represent the R factor for the best

model fit.

McRae samples (3.4 to 2.7 Ga) show the highest percentage (on average) of chromite, with
values ranging from ~47 to ~83 %. The percentage of (Fe, Cr(III))(OH)3 ranges from ~28 to ~53
%. Chromium (III) bounded to natural organic matter was only detected in one sample (sample 02)
at a very low percentage (>3.5 %). Transvaal Basin samples (2.67 to 2.1 Ga) show significant
amounts of Cr(III)-NOM complexes in samples 04 and 06 (42 — 60 %), but no Cr(III) bounded to
organic matter was detected in sample 05. Instead, iron chromium hydroxide is 52 %. Chromite
was found in all samples for this formation in percentages ranging from ~40 to ~58%. Zaonega
samples display higher proportions of chromite ~54 — ~73 %. Chromium(IIl) bound to NOM
percentages vary from ~21 to ~46 %. Iron chromium hydroxide species were not detected in these
samples. Similarly, sediments from Demerara Rise show higher amounts of chromite, ~33 —~54
%, than Cr(III)-NOM species (~29 — ~52 %). Iron chromium hydroxide was detected only in
sample 11 (207-1258A 42-5 51-53_Pyrite, ~38 %).

Modern samples from the Cariaco Basin and Peru Margin exhibit the highest proportion of
Cr(IIT) bounded to NOM. For Peru Margin specifically, Cr(II1)-NOM percentages vary from ~51
to ~83 %, while the chromite percentages range from ~10 to ~19 %. Iron chromium hydroxide was
found only in sample 17 (~39 %). For the Cariaco Basin, the amount of Cr(III)-NOM was lower
than samples from Peru Margin (~33 — ~44 %) but significantly higher than ancient sedimentary
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samples examined in this study. Chromite percentages in samples from Cariaco Basin vary from

~56 to ~67 %, and iron chromium hydroxide was not detected.
Extended X-ray Absorption Fine Structure (EXAFS)

To support our XANES results indicating the presence of Cr(III)-NOM species in our
samples, we collected EXAFS data for four samples (Table 2): Demerara Rise (samples 10 and 11)
and Transvaal Basin (samples 5 and 6). Our goal was to determine if the second shell was either
occupied by Fe (suggesting the formation of (Fe, Cr(III))(OH)3) or by C (suggesting binding with
NOM).

Table 2: EXAFS results for the formations Transvaal Basin (Archean) and Demerara Rise

(Phanerozoic)
1% shell 21d Shell
) Sample
Formation Distance Distance
1D Path CN o2 Path CN o’
(A) (A)
Transvaal
05 Cr-O 6 1.85 0.013 Cr-Cr 1.1 3.25 0.003
Basin
Transvaal
06 Cr-O 6 1.86 0.003 Cr-C 2 2.48 0.003
Basin

Demerara Rise 10 Cr-O 6 1.84 0.003 Cr-C 1.1 3.75 0.003
Demerara Rise 11 Cr-O 6 1.91 0.009 Cr-Cr 3.3 3.37 0.038

For all samples, EXAFS modeling results for the first shell show a Cr-O octahedral
structure, with one Cr atom bound to six oxygens in an octahedral configuration. This structure has
been previously observed in other Cr(III) substances, such as iron-chromium (III) (oxyhydr)oxides
and Cr(IIT) complexed with organic molecules (Hao et al., 2022).

Interatomic distances for the path Cr-O (first shell) display variations between samples from
the same formation and between formations. For the Transvaal Basin, these Cr-O interatomic
distances range from 1.85 to 1.86 A, while for Demerara Rise, Cr-O interatomic distances vary
between 1.84 and 1.91 A. Compared to published EXAFS fitting results for iron chromium(III)
hydroxides and Cr(Ill)-organic matter complexes (Table S2), the Cr-O interatomic distances

measured for this study were, on average, ~0.14 A smaller. Since all the previously published
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EXAFS results available for Cr(III) species predominantly exhibit the same octahedral structure
for the first shell (Cr-O, CN = 6), attention should be given to the second and third coordination
shells if we aim to distinguish which hosting phases contain Cr. For all samples, the second shell
best fit comprises a Cr-Cr path or a Cr-C path, indicating the formation of iron-chromium
hydroxides or Cr-NOM precipitates (Hao et al., 2022). For sample number 10 - Demerara Rise, the
best fit for the second shell suggests a Cr-C path at 3.75 A and a coordination number of 1.1,
indicating the formation of a Cr(III)-NOM precipitate. This finding aligns with our XANES data
since our LCF results show that more than half of the total Cr present in this sample (~ 53 %) is
bound to NOM. However, it is important to note that the interatomic distances and coordination
numbers reported in previous studies differ from those we report here. XANES results for sample
11- Demerara Rise display that iron-chromium hydroxide is the main Cr species (~38 %). These
findings are consistent with our EXAFS results since the best fit of the second coordination shell
(Cr-Cr path at a distance of 3.37A and CN of 3.3) indicated a structure similar to
(Fe(I1I),Cr(II1)(OH)s (Passiopi et al., 2014), but with slightly longer distances (3.37 A). Similar
results were observed for the Transvaal Basin samples. For sample 5, where the iron-chromium
hydroxide species is predominant (~52 %), the fitting of the second coordination shell shows a
single scattering chromium-chromium path at 3.25 A and a coordination number of ~ 1.0. This
structure resembles Cr(OH)3.3H20 compounds (Papassiopi et al., 2014) and supports our XANES
findings. Chromium-NOM represents the predominant species (~60 %) in sample 06 (Fig. 2). The
second shell model best fit shows a single scattering Cr-C path at 2.48 A, with a coordination
number of ~2. These results are similar to the EXAFS results for Cr(IlI)-NOM complexes
(Gustafsson et al., 2014) but with a smaller interatomic distance (2.48 A) for the Cr-C path.

Our XANES and EXAFS results suggest forming Cr(II1)-NOM complexes in ancient black
shales and modern sediments as a vital part of the chromium marine cycle. To our knowledge, this
study represents the first report on the formation of chromium(II1)-NOM complexes in marine

sediments.
DISCUSSION
Organic matter as a sink for chromium in marine sediments

Organic matter is important in governing oxidation states, existing species, and the mobility

of several metals in the environment (Gu et al., 2015; Schmidt et al., 2013). Natural organic matter
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can be defined as a macromolecular mixture of carbon-based compounds with highly variable
chemical composition and structure, such as carbohydrates, nitrogen and phenolic compounds,
humic substances (HS), and low molecular weight organic acids (LMWOAs) (Adusei-Gyamf et
al., 2019). It is well established that NOM can act as a reducing agent for hexavalent chromium, as
well as an adsorbent and/or complexing ligand for reduced Cr(IIl) in soils and waters (Hug et al.,
1997; Xia et al., 1997; Zheng et al., 2012; Gu et al., 2015; Walpen et al., 2018). Particularly, low
molecular weight organic acids (LMWOAs), protonated phenolic hydroxyls, and several polar
groups of humic substances (HS) are well known for their ability to rapidly reduce soluble Cr(VI)
to Cr(III) by H-atom transfer (HAT) mechanism (Liu et al., 2019; Zhang et al., 2019; Deng et al.,
2023). In the presence of iron oxides, NOM can complex soluble Fe(II/Ill), forming Fe(II/III)-
NOM complexes, increasing Cr(VI)aq reduction rates by the creation of an extra electron donation
pathway from NOM to Cr(VI) (Buerge and Hug, 1998; Liu et al., 2018; Deng et al., 2023). Cr(VI)aq
reduction by NOM is considered to increase with temperature, iron, sulfur and NOM
concentrations, and decreasing pH (Wittbrodt and Palmer, 1996; Boussouga et al., 2023).

Besides reducing Cr(VI), NOM can also capture cationic Cr(IIl)aq in situ through surface
adsorption and/or complexation, forming and precipitating Cr(III)-NOM complexes (Chen et al.,
2011; Guan et al., 2016; Zhang et al., 2018). Soluble Cr(III) can be adsorbed onto natural organic
matter(NOM) by physical adsorption mainly, where cationic Cr(III) can form hydrogen bonds with
negatively charged functional groups of NOM (e.g., -OH, -COOH), leading to the formation and
precipitation of Cr(III)-NOM complexes. Ion exchange interactions between Cr(I1l).q and NOM
can also be another pathway for Cr(IIl) adsorption onto NOM (Li et al., 2019; Hao et al., 2022).
The efficiency of Cr(III) adsorption is primarily influenced by pH and NOM concentration (Hao
et al., 2022). The few available studies on Cr(IlI)-NOM natural complexation in aquatic
environments suggest the formation of large-sized Cr(II1)-NOM molecules, where hydroxy groups
are built into the internal sphere of the Cr complex (Cr-OH-Cr), followed by a loss of a proton
creating oxygen bridges (Cr-O-Cr), resulting in multiple Cr ligand centers (Ding et al., 2015).
Those Cr ligand centers produce a multipoint complexation with hydroxyl, carboxyl, and phenol
reactive groups, forming large-sized Cr(II1)-NOM complexes (Morera et al., 2011; Hao et al.,
2022). These large molecules are sparsely soluble and precipitate over a wide range of pH (Morera
et al., 2011; Gustafsson et al.,, 2014). Organic ligands containing a-hydroxyl or carbonyl

carboxylate groups can complex the intermediate Cr(V) under near-neutral pH during reduction,
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forming and precipitating Cr(III)-NOM complexes (Rivero-Huguet and Marshall, 2009; Kantar,
2016; Kantar et al., 2015; Liu et al., 2019). Phenol, hydroxyl, and carboxyl groups are considered
the primary reactive sites involved in the cationic Cr(III) complexation by NOM (Wright et al.,
2001; Guan et al., 2016; Chen et al., 2011; Zhang et al., 2018). In comparison to other functional
groups of organic matter (e.g., ester, amine, alcohols, aldehydes, and ketones), carboxyl, phenol,
and hydroxyl are present in larger quantities, highlighting the complexation capacity of NOM
(Adusei-Gyamf et al., 2019). Different studies have already reported the natural formation of
monomeric and polymeric Cr(III)-NOM complexes in water and soils in a wide range of pH
(Gustafsson et al., 2014; Nakayama et al., 1981; Sajidu et al., 2008; Ma et al., 2023). Gustafsson
et al. (2014) revealed that Cr(IIl) naturally bounds to NOM predominantly as monomeric
complexes at lower pH (< 5) while as polynuclear complexes at higher pH (> 5) (Gustafsson et al.,
2014). Dimeric Cr(III)-NOM complexes are abundant in historically contaminated soils (>65
years), with high organic carbon concentrations at near-neutral pH. The persistence of aged dimeric
Cr-NOM species in the field over six decades post-contamination supports their thermodynamic
stability (Lov et al., 2017).

Growing evidence indicates that the oxygen-containing functional groups of humic
substances show a strong affinity for complexation with Cr (III) (Mytych et al., 2001). Boussouga
et al., 2023 confirmed that Cr(III)-humic acids (HA) complexation was indeed the responsible
mechanism for Cr(IIl) removal in aquatic environments (Boussouga et al., 2023). The binding
capacities of Cr(IIl) to humic acids were found to be correlated to the carboxylic content (Zhang
etal., 2019). Also, organic acids, such as tartrate, acetic, and citric acids, can naturally form Cr(III)-
NOM complexes by chelation due to the crosslinking effect between Cr(Ill) and the carboxyl
reactive groups of chelating agents (Hao et al., 2022; Wang et al. 2016). In the Cr marine cycle, it
1s widely accepted that NOM acts as a powerful reducing agent for soluble Cr(VI). Our XANES
and EXAFS results for all samples from six different formations worldwide and through geological
time indicate that Cr(III)-NOM species exist significantly in marine sediments. This finding
suggests that interactions with NOM can be important mechanisms for Cr burial in sedimentary
records. Consequently, depositional basins characterized by elevated organic carbon (e.g., black
shales) probably contribute significantly to authigenic Cr in organic forms, which should be further
considered a vital part of the Cr marine cycle.

Proposed model for the formation of authigenic chromium in marine sediments
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Within anoxic or euxinic water columns, chromate oxyanions (Cr(VI)aq) are rapidly reduced
by a wide range of reductants, including several organic compounds (e.g., LMWOAs, protonated
phenolic hydroxyls, several polar groups of HS) (Wittbrodt and Palmer, 1996; Bolan et al., 2003),
dissolved and structural Fe(Il) (Fendorf and Li, 1996; Sedlak and Chan, 1997), dissolved H>S
(Pettine et al., 1994; Kim et al., 2001), and solid Fe—S phases (Zouboulis et al., 1995). Upon
reduction at marine pH, the majority of the resulting Cr(III)aq is thought to hydrolyze to form Fe-
Cr hydroxides species (e.g., (Fe,Cr)(OH)s3), which are sparingly soluble and rapidly removed
through precipitation. This partitioning between chromite and iron-chromium hydroxides currently
represents the detrital and authigenic fractions of Cr in marine sediments.

However, our data support a third phase for Cr burial in marine reducing sediments
involving Cr(III)-NOM binding. Our XANES and EXAFS results for different formations of black
shales and modern sediments worldwide point towards this same conclusion. This observation
aligns with the current understanding of the high capacity of organic compounds, particularly
humic substances (HS), in uptake and immobilizing metals across various matrices (soil, water),
along with the recently documented natural formation of Cr(III)-NOM complexes in water and
soils, at a wide range of pH (Nakayama et al., 1981; Gustafsson et al. 2014; Lov et al., 2017).

Therefore, here we proposed that the Cr marine burial pathways under reducing conditions

would be better represented by adding a third component, which is Cr(III)-NOM species (Fig. 3).



32

Continental
weathering

Cr(lll)soxidation

Cr(Ill)agreduction

Cr(lll)agcomplexation
and/or adsorption

(4] Cr(Ill)aghydrolysis

Figure 3: Proposed model for chromium deposition in marine sediments

Upon reduction at marine pH, in addition to hydrolyzing and precipitating as iron chromium
hydroxides, Cr(III) can also be buried via interactions (e.g., adsorption and complexation) with
NOM, forming mono- and polymeric Cr(III)-NOM species. Our XAFS data showed significant
amounts of Cr(IIT)-NOM species in all our samples, suggesting the importance of this new marine
sink for Cr.

Recent models (Lov et al., 2017) suggest that Cr(III) complexation with NOM can be
achieved by interactions with both particulate organic matter (POM) and dissolved organic matter
(DOM). However, the specific pathways involving Cr(IIl) interactions with NOM in marine
systems remain elusive. Despite limited research on DOM and POM interactions with Cr(III) in
aquatic environments, few studies can give us insights.

Studying the effects of dissolved organic matter (DOM) in Cr(III) complexation at landfill
leachates, Wang et al. (2024) verified that N-containing groups, especially aromatic N = O, and C-
based groups such as phenolic and polysaccharides, presented the highest affinity for Cr(III)
binding among all DOM complexation sites (Wang et al., 2024). More specifically, N-containing
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groups, as well as C-based groups, served as complexation sites at DOM with low humification
levels, whereas only C-based groups participated in Cr(III) complexation in landfill leachate DOM
with high humification levels (Wang et al., 2024). In contrast, carboxyl and carbonyl functional
groups of undissolved humic acids (HA) are more likely to act as complexations sites for soluble
Cr(IIT), while phenol and hydroxyl reactive groups are the main electron donating moieties for
Cr(VI) reduction at pH 1.0 to 5.0 (Zhang et al., 2018). Furthermore, the complexation capability
of undissolved HS followed the order of humic acids > fulvic acids > humin for Cr bonding (Zhang
et al., 2018).

Two scenarios must be considered at this stage: (1) Cr(III)-NOM species are formed within
the water column like iron chromium hydroxides species, and (2) diagenetic processes transform
the iron-chromium hydroxides into Cr(III)-NOM species. More investigations are required to
identify which mechanism controls Cr burial. Yet, we can assume that these two pools of Cr
represent the authigenic fraction of Cr in marine reducing sediments (Fig 3.). Therefore, the
authigenic fraction of Cr (fauni) would be better defined as the sum of iron-chromium hydroxides
species and Cr(III)-NOM species present in sedimentary records, which creates some critical
implications for the use of Cr isotopes for paleo reconstructions purposes.

Implications for chromium as a paleo-redox proxy

Although Cr systematic has been used as a proxy to reconstruct Earth’s redox, prior studies
identified some issues because its burial pathways remain poorly understood (Gueguen et al., 2016;
Schoenberg et al., 2008; Bonnand et al., 2013; Farkas et al., 2013). Only authigenic Cr is significant
for paleo-redox reconstructions, as only this phase can exhibit significant and measurable isotopic
fractionation, which can be attributed to the redox transformations during the Cr biogeochemical
cycle in oceans. To estimate authigenic Cr in marine sediments, the scientific community usually
relies on two methodologies: (1) leaching procedures and/or (2) Cr isotope mass balance
calculations (e.g., Reinhard et al., 2014). However, despite their widespread use, both methods are
subject to several biases. Authigenic Cr (faumi) is determined through Cr isotope mass balance based
on Cr/Ti concentrations of the bulk sediment, a measured 5>°bulk, and an assumed Cr/Ti ratio and
83Cr value for the detrital component.

Based on the bulk concentrations of Cr and Ti published for Demerara Rise — CORE 207-
1258A, Cariaco Basin — CORE PL07, and Peru Margin - CORE MUCI15 and MUCI19 (Wang et
al., 2016; Gueguen et al., 2016; Bruggmann et al., 2019), we applied the Cr isotope mass balance
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to estimate the authigenic fraction of Cr (faumi) and compared with our results measured by XANES

spectroscopy (Fig. 4).
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Figure 4: Vertical bars represent the percentage difference between the authigenic fraction of
chromium (faumi) measured by XANES and estimated by Cr isotope mass balance (Cr IMB).

Numbers from 10 to 18 represent Sample ID according to table 1. * Represent values in modulus.

Differences between the two methodologies are notably high. In general, Cr isotope mass
balance tended to underestimate faumi values compared to XANES. Specifically, samples 10 and 14
yielded similar results with less than a 2 % difference, whereas sample 12 showed the most
significant discrepancy with an overestimated fauthi of ~ 35 %. Explaining the substantial difference
in faumi obtained by both methodologies is difficult. However, incorrect correction for detrital input
must be one of the primary sources of this discrepancy. Cr isotope mass balance only does not
account for the unique characteristics of each formation or core, and the possibility of isotopic
variability in the detrital component cannot be discarded (Gueguen et al., 2016). In contrast,
XANES measurements can rigorously quantify the authigenic fraction of Cr within the sediment
sample.

Based on our XANES results for the authigenic fraction of Cr (faumi), using 8>>Craetrital = -
0.124 %o, and based on the published &°*Croui values for the cores 207-1258A - Demerara Rise,
PLO7 - Cariaco Basin, and MUC15 and 19 - Peru Margin (Wang et al., 2016; Gueguen et al., 2016;
Bruggmann et al., 2019), we applied the Cr isotope mass balance to estimate the Cr authigenic
isotopic signature (8>3Craumi) and compared with the published literature for the same cores (Fig

5).
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In general, our results showed higher values of 8°*Craumi When compared to the published
literature for the same cores. However, the methods applied to estimate 8>*Craumi by different
authors exhibit significant variations, complicating direct comparisons. §>*Craun values published
for Demerara Rise - CORE: 207-1258 A were estimated after total sediment digestion (HF-HNO3;—
HCI) followed by Cr isotope mass balance calculations (Wang et al., 2016). Our results of 3> Crauni
for Demerara Rise exhibited significant differences compared to the published values. Specifically,
samples 10 and 11 showed smaller differences between the two datasets, ~11 % on average,
whereas sample number 12 showed the most significant discrepancy within the formation, where
our results were ~45 % higher than the published literature for the same core. These results were
expected since we already observed that Cr IMB tends to underestimate values of faumi (Fig. 4) and
consequently 8°*Craumi when compared to XANES spectroscopy. Incorrect detrital input might be
one of the primary sources of this difference.

Values for 8°*Craun Were published for Cariaco Basin — CORE PL07 after leaching non-
ashed dried sediment with cold HNO; (3N) for 24 h (Gueguen et al., 2016). All values obtained by
this methodology were significantly smaller (>60 % difference for sample 14) when compared to
our results based on XANES. In the same way, 8>*Craun values published for Peru Margin - CORE
MUCI15 and MUC19 were obtained by leaching sediment samples with weak HCI (0,5 M) at room

temperature for one hour (Bruggman et al., 2019). The results once again showed a tendency for
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the leached fraction to lower values of §>*Craun when compared to our data (exception for sample
16). Considering the low values of 8°*Craum published using leaching techniques (Cariaco Basin
and Peru Margin), we suspect that the type and concentration of acids, time of reaction, and
laboratory conditions used in those studies were not powerful enough to extract the entire
authigenic fraction of Cr in the sediment samples. These results make sense according to our XAFS
data since XANES spectroscopy showed us elevated concentrations of Cr(II1)-NOM complexes in
the samples, and weak solutions of nitric and hydrochloric acids are not designed to extract metals
present in organic phases (Laing et al., 2011).

Well-documented problems regarding leaching techniques include lack of extractant
selectivity, lack of standardized procedures (e.g., solvent type and concentration, numbers of steps,
sequence), partial recovery, potential for metals re-adsorption and/or re-precipitation (Kim and
Fergusson, 1991; Filgueiras et al., 2002; Wright et al., 2003), which contribute to the lack of trust
in using these procedures for paleo reconstruction purposes. In summary, despite the extensive use
of &°3Criaumiy for paleo-redox reconstructions, a precise and reliable method for measuring
authigenic Cr within sedimentary records is currently lacking. As an alternative to chemical
extractions, synchrotron-based absorption techniques (e.g., XRF, XAFS) can be used to directly
determine solid phase Cr speciation in situ and adequately assess the Cr authigenic fraction within
sedimentary records without the limitations present in leaching procedures and bulk concentration

measurements for chromium isotope mass balance.

CONCLUSIONS

Our study demonstrates for the first time the role of NOM as a significant sink for
authigenic Cr in marine reducing sediments, challenging existing models of Cr burial pathways.
By using advanced X-ray absorption techniques such as X-ray Absorption Near Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS), we identified Cr(III)-NOM
species as a prominent hosting phase for Cr in both ancient black shales and modern marine
sediments. These findings suggest that in addition to the traditionally recognized Cr phases -
chromite (FeCr204) and iron-chromium hydroxides ((FeCr)(OH)s) - Cr(III)-NOM species play a
substantial role in the marine chromium cycle and its deposition in sedimentary records.

The presence of Cr(III)-NOM species across diverse sedimentary environments, ranging

from the Precambrian to the Phanerozoic, underscores the importance of NOM in controlling Cr
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speciation in anoxic and euxinic conditions. This discovery has significant implications for using
Cr as a paleo-redox proxy, as traditional models that rely on bulk Cr isotope measurements may
underestimate the true authigenic fraction of Cr. Our results reveal substantial discrepancies
between Cr isotope mass balance calculations and XANES-based determinations of authigenic Cr,
particularly in samples with abundant Cr(III)-NOM species. Thus, including Cr(III)-NOM species
as a significant component of authigenic Cr warrants further attention in paleoenvironmental
reconstructions. Future studies should focus on refining Cr-based paleo-redox proxies by
incorporating direct measurements of Cr phases, particularly Cr(III)-NOM species, through in situ
spectroscopic techniques. This approach provides a more accurate understanding of the chromium
marine cycle, its role in ancient ocean redox conditions, and its broader geochemical significance.
Moreover, our results question the current approach to determining bulk Cr isotope ratios because
of the issue of precisely and adequately estimating the authigenic fraction of Cr. Future studies
should either use analytical methods targeting Cr phases or direct in situ measurements of Cr

speciation using p-XANES spectroscopy in addition to §>*Cr.
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Figure S 3
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Figure S 5
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ABSTRACT

Artisanal and small-scale gold mining (ASGM) is a major source of mercury (Hg) contamination
in the Brazilian Amazon, yet distinguishing anthropogenic Hg from natural background levels
remains challenging. This study employs Hg stable isotope geochemistry to trace and differentiate
ASGM-derived Hg from natural Hg cycling in Amazonian soils. We analyzed total Hg
concentrations and isotopic compositions of 22 soil samples from ASGM-impacted sites in the
State of Para and undisturbed rainforest sites across the Amazon in the States of Acre, Amazonas,
Roraima, Rondonia, and Mato Grosso. Results revealed distinct isotopic signatures: ASGM-
affected soils exhibited near-zero A'Hg values (-0.09 %o to +0.02 %o) and less negative §°**Hg
values (—0.97 %o to —0.06 %o), indicative of minimally processed elemental Hg? directly deposited
during gold amalgamation. In contrast, undisturbed forest soils displayed significantly depleted
AYHg (—0.73 %o to —0.38 %o) and §**Hg (—3.04 %o to —1.31 %o), reflecting atmospheric Hg?"
deposition followed by photochemical reduction. These findings validate Hg isotopes as a robust
tool for identifying ASGM sites. The study addresses critical gaps in monitoring Hg pollution in

Amazon, by providing a scientific basis for conservation, regulation, and remediation.

INTRODUCTION

Mercury (Hg) is a highly toxic pollutant that poses serious environmental and public health
concerns due to its persistence, bioaccumulation, and biomagnification across trophic levels

(Gilmour et al., 2013; Kumar et al., 2023). It is released into the environment through natural
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processes, such as volcanic activity and mineral weathering, and anthropogenic activities, such as
coal combustion and mining (Pirrone et al., 2010; Fitzgerald and Lamborg, 2014), mainly artisanal
and small-scale gold mining (ASGM).

Artisanal and small-scale gold mining (ASGM) is recognized as a significant anthropogenic
source of Hg emissions (UNEP, 2023). Globally, ASGM releases ~4,500 to 7,000 tons of Hg
annually (UNEP, 2023). Over 10 million miners across 70+ countries rely on Hg to amalgamate
gold, often unaware of its toxicity and with limited access to safer alternatives (Swain et al., 2020;
Esdaile & Chalker, 2018). Burning Hg-Au amalgams releases gaseous elemental mercury during
gold processing, directly exposing miners and nearby communities (Esdaile & Chalker, 2018;
Zheng et al., 2016). Residual Hg contaminates soil and waterways, where microbial methylation
converts it into methylmercury, a potent neurotoxin that jeopardizes human health and ecological
integrity (Gilmour et al., 2013; Kumar et al., 2023).

The Amazon rainforest, covering approximately 4 million km?, nearly half of Brazil’s
territory (WWF, 2024), is one of the planet’s most vital biomes. It provides critical environmental
services such as climate regulation (absorbs large amounts of CO:, releases moisture through
evapotranspiration, and helps stabilize global and regional temperatures and rainfall patterns),
biogeochemical cycling, and biodiversity conservation (Hopkins, 2007; De Carvalho et al., 2016;
Rodig et al., 2018). However, its preservation is increasingly at risk due to unsustainable land-use
practices, particularly illegal mining (Teixeira et al., 2018; Akerman et al., 2021).

In the Brazilian Amazon, ASGM releases up to ~200 t of Hg annually (Ghoveisi et al.,
2024), contributing to deforestation and widespread Hg contamination. Illegal mining is a major
driver of this pollution, making it one of the most pressing environmental challenges in the region
(Ghoveisi et al., 2024). A key difficulty in addressing ASGM-related Hg pollution is differentiating
anthropogenic from natural Hg inputs (Moreno-Brush et al., 2020; Canuel et al., 2009). Traditional
monitoring methods often fail in remote, inaccessible areas dominated by illegal mining, in
addition, the tropical climate promotes large losses, through evaporation and surface runoff
(Moreno-Brush et al., 2020). However, the use of Hg stable isotope geochemistry offers a novel
solution.

Mercury isotopes undergo two primary fractionation processes: mass-dependent
fractionation (MDF) and mass-independent fractionation (MIF) (Blum et al., 2014). As reflected

in 6-values, MDF arises from kinetic or equilibrium processes, such as redox transformations and
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microbial methylation, where isotopic partitioning scales with mass differences (Bergquist &
Blum, 2007). It predominantly affects even-mass isotopes (e.g., 2*°Hg, 2*>Hg, and ***Hg), though
its influence on odd-mass isotopes (*?Hg and °'Hg) is also observed, albeit much smaller in
magnitude (Wiederhold, 2015; McLagan et al., 2022).

Mass-independent fractionation, represented by A-values, occurs when isotopic
fractionation deviates from mass-dependent trends, often due to photochemical reactions or nuclear
volume effects (NVE) (McLagan et al., 2022). Unlike MDF, MIF predominantly impacts odd-mass
isotopes (!”Hg and **'Hg), particularly during Hg?" photochemical reduction (Hintelmann &
Zheng, 2011; Song et al., 2024).

In natural samples, measurements of Hg isotopic composition reveal a broad range of MDF
and MIF values in sediments, soils, and ores (Song et al., 2024; Blum & Johnson, 2017). Notably,
Hg from ASGM activities exhibits distinct isotopic signatures compared to naturally occurring Hg
pools (Sherman et al., 2015; Enrico et al., 2016; Zheng et al., 2016). ASGM-derived Hg, rapidly
deposited near mining sites, retains near-zero A'”’Hg and slightly negative 6°“’Hg values due to
minimal environmental processing before deposition (Miserendino et al., 2017; Schudel et al.,
2019).

Conversely, Hg in undisturbed forest soils undergoes extensive chemical, photochemical,
and biological transformations (e.g., redox reactions and microbial methylation), leading to
pronounced MDF and MIF effects. This results in A”’Hg and 6°“Hg values that can be either
enriched or depleted, but seldom near zero, depending on the local Hg cycling dynamics (Demers
et al., 2013; Sherman et al., 2015; Zheng et al., 2016). These isotopic patterns are valuable for
distinguishing ASGM-derived Hg contamination from naturally occurring Hg in ecosystems.

Therefore, this study examines Hg isotopic compositions in Amazonian soils to (1) identify
ASGM-related isotopic signatures, (2) compare them with natural Hg cycling in undisturbed forest
regions, and (3) assess the potential of Hg isotopes as a monitoring tool for conservation efforts.
By integrating Hg isotope analysis with concentration data across diverse regions of the Brazilian
Amazon, this research aims to test new strategies for detection of Hg anthropogenic contamination

in one of the world’s most important and vulnerable ecosystems.

METHODS

1.1 Soil sample collection and characterization
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A total of 22 soil samples were collected from six States within the Brazilian Amazon: Para
(Serra Pelada and Cachoeira do Pirid), Acre (Sena Madureira and Xapuri), Roraima (Caracarai),
Amazonas (Anori), Mato Grosso (Itatba), and Ronddnia (Porto Velho). The locations of the

sampling sites are shown in fig. 1.
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Figure 6: Soil sampling sites location in the Brazilian Amazon

Soil samples from Serra Pelada and Cachoeira do Pirid (State of Pard) were collected from
sites where artisanal and small-scale gold mining (ASGM) activities are occurring nowadays, and
Hg is actively used in gold extraction on these areas. The remaining soil samples, collected from
Sena Madureira (Acre), Xapuri (Acre), Caracarai (Roraima), Anori (Amazonas), Itatiba (Mato
Grosso), and Porto Velho (Ronddnia), were obtained from native rainforest areas with no
documented nor visual mining activities. Therefore, locations were selected for regions influenced
by artisanal and small-scale gold mining (ASGM) activities, and areas reflecting pristine

Amazonian soils.
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All soil samples were collected at the 0—20 cm surface layer, using a stainless-steel dutch auger,
with the following distribution: Serra Pelada — nine samples, Cachoeira do Pirid — five samples,
Sena Madureira — two samples, Xapuri — two samples, and one sample each from Roraima,
Amazonas, Mato Grosso, and Ronddnia. After collection, samples were air-dried, sieved to 2 mm,
homogenized, stored in acid-washed polyethylene vials (50 mL), and kept frozen until further

analysis.
Total mercury measurements

Total mercury concentrations (THg) were measured by thermo-desorption coupled to atomic
absorption spectrometry via a Direct Mercury Analyzer (DMA-80, Milestone, Sorisole, Italy). The
analytical curves were prepared with an appropriate dilution of a 1000 mg L' standard solution
(Merck, Darmstadt, Germany). The certified material NIST 2710a Montana Soil I was used in
triplicate to evaluate the accuracy of THg results. The limit of detection (LOD) and limit of
quantification (LOQ) were 0.88 and 1.42 ng kg™, respectively. The recovery in the certified

Montana Soil I sample was 91 + 3%.
Hg isotopes analysis

Approximately 250 mg of soil were digested on a heating block using a reverse aqua regia
mixture of 3 mL HNO3 and 1 mL HCI at 90 °C for 6 h. The samples were then oxidized using a 1
mL H>0: solution and heated at 90 °C for 4 h.

Mercury stable isotope analysis used a cold vapor generation multi-collector ICP-MS
(CVG/MC-ICP-MS, Nu Plasma, Nu Instrument) (Lauretta et al., 2001). Instrumental mass bias
was corrected by sample standard bracketing with NIST SRM 3133 standard solution. Samples and
standards were diluted to obtain a Hg concentration of 1 ug L1,

For mass-dependent fractionation (MDF), the relative isotope ratios, including §***Hg, §°**Hg,
52'Hg, §°®Hg, and §'”Hg, were expressed in relation to a common reference standard NIST SRM

3133 following Equation 1 (Blum and Bergquist, 2007):

XXXHg
(198Hg>
XXXHg

(o

sample

SXXXHg — —1 | Xx1000 in %o

>SRM3133

where ‘xxx’ refers to 199, 200, 201, 202, and 204.
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The mass-independent fractionation (MIF) of Hg was expressed as A?°'Hg, A?*°Hg, and
A" Hg. These values represent the difference between the theoretical value predicted by MDF and

the measured values. They were calculated following Equation 2.
Axxng — 8XXXHg _ XXXBref X 8202Hg

where ***f,.¢ are the kinetic mass-dependent scaling factors, and the values are 0.2520 for '*°Hg,
0.5024 for 2*°Hg, and 0.7520 for 2°'Hg (Blum and Bergquist 2007).

Quality assurance and control (QA/QC) was performed using two certified reference
materials: UM-Almadén (NIST 8610, n = 9) and NIST 1944 (Waterway sediment, n = 3). The
measured Hg isotope values of NIST 8610 were compared with its certified values, while those of

NIST 1944 were compared with the values presented in Sherman and Blum (2013).

RESULTS AND DISCUSSION

Table 3: Isotopic composition of the soil samples. Pard — SP = State of Para — Serra Pelada. Para —
CP = State of Para — Cachoeira do Piria. Acre — SM = State of Acre — Sena Madureira. Acre — XA
= State of Acre — Xapuri.

Sample Location Isotopic composition (%o)
ID ¥“Hg  o™Hg  o"Hg A®Hg A™Hg  A™Hg
01 Par4d — SP -0.50 -0.36 -0.16 -0.01 0.02 -0.04
02 Para — SP -0.87 -0.57 -0.31 -0.07 -0.03 -0.05
03 Para - SP -1.51 -0.97 -0.55 -0.09 -0.06 -0.03
04 Para - SP -0.66 -0.63 -0.37 0.07 -0.06 0.06
05 Para - SP -1.23 -0.84 -0.42 -0.03 0.00 -0.01
06 Pard - SP -1.06 -0.67 -0.26 0.02 0.07 -0.01
07 Par4 - SP -0.81 -0.63 -0.30 -0.03 0.01 0.00
08 Par4 - SP -0.53 -0.37 -0.18 -0.04 0.00 -0.03
09 Par4 - SP -0.86 -0.57 -0.34 -0.09 -0.06 -0.08
10 Paré - CP -0.13 -0.06 -0.04 0.01 -0.01 0.01
11 Para - CP -0.25 -0.20 -0.11 -0.07 -0.01 -0.09
12 Paré - CP -0.87 -0.63 -0.30 -0.10 0.02 0.02
13 Paré - CP -0.21 -0.11 -0.05 -0.08 0.00 -0.03

14 Par4 - CP -0.24 -0.19 -0.11 -0.19 -0.02 -0.10
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15 Acre - SM -2.18 -1.60 -0.79 -0.62 0.01 -0.66
16 Acre - SM -2.39 -1.51 -0.76 -0.43 0.00 -0.38
17 Acre - XA -2.33 -1.72 -0.87 -0.44 0.00 -0.55
18 Acre - XA -2.41 -1.55 -0.77 -0.57 0.01 -0.55
19 Roraima -3.14 -2.05 -1.04 -0.43 -0.01 -0.45
20 Amazonas -4.48 -3.04 -1.55 -0.64 -0.02 -0.66
Mato -1.79 -1.31 -0.75 -0.51 -0.10 -0.57
21 Grosso
22 Rondénia -2.80 -1.85 -0.97 -0.67 -0.04 -0.73

Total Hg concentrations ranged from 0.02 to 9.37 ppm, with the highest levels detected at
Serra Pelada and Cachoeira do Pirid, both sites at the State of Para. 8202Hg values varied between
-3.04 %o and -0.06 %o within the dataset. More negative 8202Hg levels were observed at Acre (-
1.72 to -1.51 %0), Amazonas (-3.04 %o), Mato Grosso (-1.31 %), Rondonia (-1.85 %o), and Roraima
(-2.05 %o), while less negative values were recorded in Serra Pelada (-0.97 %o to -0.36 %o) and
Cachoeira do Piria (-0.63 %o to -0.06 %o).

6***Hg (ranging from -4.48%o to -0.13%o) and §°°°’Hg (ranging from -1.55%o to -0.06%o)
exhibited trends similar to §°?Hg. Less negative §°**Hg and §*°°Hg values were observed at Serra
Pelada (-1.51%o to -0.50%0 and -0.55%o to -0.16%o, respectively) and Cachoeira do Piria (-0.87%o
to -0.13%o and -0.30%o to -0.04%o., respectively) compared to other locations, including Amazonas,
Acre, Mato Grosso Rondonia, and Roraima.

Samples from Serra Pelada (Para-SP) and Cachoeira do Piria (Para-CP) displayed A'*Hg
and A?°'Hg values close to zero, with slight negative or positive deviations. In contrast, much more
negative A'””Hg and A?*'Hg values were observed in samples from Amazonas, Mato Grosso,
Roraima, Ronddnia and Acre. Serra Pelada and Cachoeira do Pirid samples exhibit minimal values
for MDF and MIF, whereas those from Amazonas, Roraima, Rondonia, Mato Grosso, and Acre

display greater fractionation.
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Figure 7: Isotopic compositions of the soil samples in the states of Pard, Acre, Rondonia,

Amazonas, Mato Grosso and Roraima

In all four plots two distinct clusters of results are consistently observed (Fig 2). Samples
from Serra Pelada and Cachoeira do Piria form a clearly defined cluster, while samples from Acre,
Amazonas, Ronddnia, Mato Grosso, and Roraima cluster separately or do not cluster at all.

Figure 2A displays values of 8°“Hg and §°°°Hg. The strong linear relationship between
these two variables is described by the equation: §?°°Hg = 1.9504 * §°“Hg + 0.0046 (R? = 0.98),
and reflects that both isotopes fractionate following similar environmental processes and can be
used to track sources of Hg.

Serra Pelada and Cachoeira do Piria samples also cluster around less negative, close to zero §°“’Hg
/ 8°“Hg values, suggesting Hg inputs from artisanal and small-scale gold mining (ASGM)
activities in these locations (Nitschke et al. 2024).

In ASGM areas, Hg is released primarily as gaseous elemental mercury (Hg’) during the

amalgamation process, where liquid elemental Hg is used to extract gold from ore (Ghoveisi et al.,
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2024). When the amalgam Au-Hg is heated to vaporize Hg and recover the gold, the emitted Hg’
can undergo rapid deposition onto soils as particulate-bound Hg in proximity to mining sites, or
remain in the atmosphere, where it may be transported over long distances, transformed, and
eventually deposited in distant ecosystems (Nitschke et al. 2024). Consequently, the Hg deposited
in ASGM-impacted soils and sediments retains a §°°’Hg signature close to the anthropogenic
source material, typically ~0 %o or slightly negative, as there are no dominant fractionating
mechanisms to shift the isotopic ratio toward heavier or lighter values (Sherman et al., 2015).
Unlike redox reactions (e.g., Hg® oxidation to Hg?") or microbial processes (e.g., methylation),
which induce strong fractionation effects, the physical volatilization of Hg” in ASGM operations
causes only minor MDF (Blum et al., 2014). This is because Hg’ evaporation is a phase-change
process dominated by weaker fractionation effects compared to redox or biologically mediated
reactions (Ariya et al., 2015).

In contrast, samples from Acre, Rondonia, Amazonas, Mato Grosso, and Roraima exhibit
more negative §°**Hg / 6°°°Hg values (as low as -3.30 %), indicating substantial atmospheric Hg
deposition in these areas (Zhu et al. 2021). Mercury deposited in remote areas (e.g., native forests)
originates primarily as oxidized Hg?*, which forms when gaseous Hg® undergoes long-range
atmospheric transport and chemical oxidation, like reactions of Hg® with ozone or halogens. During
this oxidation process strong fractionation (MDF) occurs, depleting even-mass isotopes in the
deposited Hg(II) pool, and shifting its °“?Hg / §?°°Hg values to negative (<0%o) (Gratz et al., 2010).
This seems to be the main reason for the strong negative values of **>Hg observed in the locations
of Acre, Mato Grosso, Ronddnia, Roraima, and specially Amazonas, which makes sense since
those locations are characterized as remote native forest areas, with no documented gold mining
activities.

Figure 2B shows a strong linear relationship between these two mass-independent
fractionations parameters (A?°'Hg = 1.0805 * A*’Hg + 0.0222; R? = 0.9699) indicating that *’Hg
and 2°'Hg isotopes fractionate through similar environmental processes (Zhu et al. 2021).

As observed for even mass Hg isotopes, the most negative A!”Hg and A?°'Hg values were
observed in samples from Amazonas, Acre, Rondonia, Mato Grosso, and Roraima, suggesting that,
in addition to atmospheric deposition, these regions are also marked by intense Hg re-emission

(Hintelmann & Zheng, 2011).
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Hg(I) deposited in soils from the atmosphere is depleted in §°°*?Hg / §**°Hg and enriched
in A"Hg and A**'Hg, as a consequence of oxidation of Hg’ by, e.g., ozone and halogens in the
atmosphere (Song et al., 2024). Once deposited, Hg?* can undergo abiotic photochemical reduction
in surface soils, primarily driven by UV light, converting it back to volatile Hg? (McLagan et al.,
2022). This reduction process preferentially removes odd-mass isotopes (!*°’Hg, 2°'Hg), leading to
progressively negative A"”’Hg and A**'Hg values over time (McLagan et al., 2022). Since UV-
driven photochemical reactions selectively affect odd-mass isotopes, the §°°?Hg / §°°°Hg values
remain unchanged (Hintelmann & Zheng, 2011). This process could explain the highly negative
5*Hg / §**Hg and A Hg / A*°'Hg values found in Amazonas, Acre, Mato Grosso, Rondonia,
and Roraima, indicating high levels of Hg*" wet/dry deposition and Hg® reemission.

However, Hg?" in the soil matrix can also be reduced by biotic pathways in the presence of
anaerobic bacteria such as Geobacter. This process enriches even-mass Hg isotopes in the residual
soil pool, which could lead to higher levels of §**Hg and §**°Hg (Wiederhold et al., 2015).
However, this process does not appear to be the primary driver of Hg reduction in the soil samples
from Amazonas, Acre, Mato Grosso, Rondonia, and Roraima.

As expected, Serra Pelada and Cachoeira do Piria samples exhibit less negative, close to
zero A"’Hg / A**'Hg values. This pattern suggests Hg in these areas comes primarily from direct
human activities, like ASGM, with minimal exposure to sunlight-driven chemical reactions after
its release (Miserendino et al., 2017). The near-zero ratios reflect Hg that retained its original
isotopic composition because it has not undergone environmental processes, such as photochemical
reactions, that typically alter isotopic signatures by causing MIF effects (Miserendino et al., 2017).
In simpler terms, Hg there is 'fresher’ and less processed by natural systems, characteristic of
ASGM areas (Nitschke et al., 2024).

Figure 2C highlights the combined influence of MDF and MIF processes in Hg
fractionation across the Brazilian Amazon region. The clustering of red and yellow samples further
supports the role of anthropogenic activities as Hg source in Serra Pelada and Cachoeira do Pirid,
whereas the green and blue samples likely reflect background conditions influenced by natural Hg
cycling (Hintelmann & Zheng, 2011).

Figure 2D shows the relationship between Hg concentration and isotopic fractionation
(MIF). Generally, locations with lower Hg concentrations (e.g., native forests) exhibit more

negative A'®Hg values, probably because the primary source of Hg in those places is atmospheric
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deposition with intense reemission from soils and litter (Huang et al., 2024; Jiskra et al., 2015;
Zheng et al., 2016).

This tendency was observed in samples from Amazonas, Rondonia, Mato Grosso, Acre,
and Roraima, which exhibit higher 1/[Hg] concentrations and more negative A!*’Hg values,
suggesting significant Hg cycling, with Hg?>" being reduced to Hg’ and re-emitted under
photochemical influence (Liu et al., 2024). In contrast, samples from Serra Pelada and Cachoeira
do Piria show close to zero A!””Hg values and higher Hg concentrations (lower 1/[Hg]), indicating
that these areas are subject to direct anthropogenic Hg contamination with less re-emission or
fractionation (Schudel et al., 2019).

The collected isotopic data demonstrate the complex interplay between anthropogenic
inputs, such as Hg from ASGM activities, and natural processes, including atmospheric deposition
and re-emission of volatile Hg in the Amazon region. Regions such as Serra Pelada and Cachoeira
do Piria appear to be heavily influenced by direct and freshly deposited Hg inputs. In contrast, the
sites at Amazonas, Rondonia, Acre, Mato Grosso, and Roraima exhibit strong evidence of natural
Hg cycling, with significant MDF and MIF eftects.

Table 2 compiles Hg isotopic compositions (8**?Hg and A'”’Hg) measured in soils impacted
by artisanal and small-scale gold mining (ASGM) from this study and prior literature (Miserendino
et al., 2017; Schudel et al., 2019; Sherman et al., 2015).

Table 4: Mercury isotopic signatures from ASGM-impacted soils

8??Hg A"Hg Reference
-0.70 to 0.00 %o -0.10 to 0.00 %o Miserendino et al. (2017)
-0.80 to 0.56 %o -0.09 to 0.11 %o Schudel et al. (2019)
-1.22 to0 0.87 %o -0.08 to 0.06 %o Sherman et al. (2015)
-0.97 to -0.36 %o -0.08 to 0.00 %o Serra Pelada - This work
-0.63 to -0.06 %o -0.09 to 0.02 %o Cachoeira do Piria - This work

Although studies characterizing Hg isotopes in ASGM-contaminated soils remain limited,
the isotopic ranges reported here overlap with prior literature values (Table 02). The §°°’Hg values
span from -1.22 to +0.87 %o across all datasets, with the new results from Serra Pelada (-0.97 to -

0.36 %o0) and Cachoeira do Piria (-0.63 to -0.06 %o) falling within the broader reported intervals.
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Similarly, A"’Hg values cluster near zero in all studies (-0.10 to +0.11 %o), with minimal deviation
observed in the new data (Serra Pelada: -0.08 to 0.00 %o; Cachoeira do Piria: -0.09 to +0.02 %e).

The narrow §°“Hg and A!*’Hg range across ASGM sites indicates smaller MDF and MIF
effects in these areas. This is consistent with the dominance of Hg° introduced during gold
amalgamation, which undergoes limited environmental processing. These findings underscore the
utility of Hg isotopes in tracing ASGM-derived contamination, especially with near-zero A!”Hg
serving as a diagnostic marker for Hg® from gold mining activities.

Table 5: Hg isotopic signatures from forest soils found in this study and published literature

8?2 Hg A" Hg Reference
-2.20 to -2.10 %o -0.55 %o Miserendino et al. (2017)
-1.80 to -1.10 %o -0.40 to -0.10 %o Biswas et al. (2008)
-2.00 to -1.00 %o -0.40 to -0.10 %o Zheng et al. (2016)

-1.88 to -1.22 %o -0.25 t0 -0.15 %o Demers et al. (2013)

-2.56 to -1.55 %o -0.48 to -0.24 %o Jiskra et al. (2015)

-1.60 to -1.51 %o -0.66 to -0.38 %o Acre - SM - This work

-1.72 to -1.55 %o -0.55 %o Acre - XA - This work
-2.05 %o -0.45 %o Roraima - This work
-3.04 %o -0.66 %o Amazonas - This work
-1.31 %o -0.57 %o Mato Grosso - This work
-1.85 %o -0.73 %o Rondonia - This work

Mercury isotope compositions in forest soils exhibited greater fractionation and variability
compared to ASGM areas, with distinct isotopic ranges, enabling effective differentiation between
these sources (Table 3).

The §?°*Hg values reported in this study, except the Amazonas site (§**>Hg = -3.04 %o), are
consistent with those documented in the cited literature (Miserendino et al., 2017; Zheng et al.,
2016; Jiskra et al., 2015; Demers et al., 2013; Biswas et al., 2008). This reinforces the interpretation
that atmospheric deposition is the primary Hg source in these remote forested soils. The notably
lower 8*?Hg value observed in Amazonas could indicate specific atmospheric conditions where

Hg?" deposition increases.
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Similarly, the A"’Hg values measured in this study are either consistently more negative
or fall within the A'”Hg range reported in the literature (Miserendino et al., 2017; Biswas et al.,
2008; Zheng et al., 2016; Demers et al., 2013; Jiskra et al., 2015) further supporting the presence
of significant Hg re-emission post-deposition on these areas. The highly negative A'*’Hg values
observed in Rondonia, Amazonas, and Acre — SM likely reflect the intense photochemical
reduction of Hg?" in these soils. This could be attributed to localized environmental factors such as

reduced vegetation cover or lower canopy density, leading to increased solar radiation exposure.

CONCLUSIONS

This study demonstrates the efficacy of Hg stable isotope analysis in distinguishing
anthropogenic Hg contamination from artisanal and small-scale gold mining (ASGM) and natural
Hg cycling in the Brazilian Amazon. By analyzing 8°“Hg, A Hg, and associated isotopic
signatures across 22 soil samples, distinct isotopic fingerprints were identified between ASGM-
impacted and undisturbed forest regions. Soils near ASGM sites (Serra Pelada and Cachoeira do
Piri4) exhibited near-zero A'”’Hg and less negative §**>Hg values, consistent with direct deposition
of minimally processed elemental Hg from gold amalgamation. In contrast, undisturbed forest
soils (Acre, Amazonas, Roraima, Rondonia, and Mato Grosso) displayed significantly more
negative 5°°*Hg and A'®’Hg values, reflecting intensive Hg cycling in these regions.

The clear isotopic separation between these sources underscores the utility of Hg isotopes
as a robust tracer for ASGM-derived contamination. The near-zero A!®’Hg signature serves as a
diagnostic marker for fresh Hg? inputs, while the pronounced negative 6*°*’Hg and A!”’Hg values

highlight the role of environmental processing in natural soils.
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ABSTRACT

This study investigates the speciation and atomic environment of Mn and Zn in soils from native
areas of the Amazon Rainforest biome, utilizing advanced synchrotron-based X-ray absorption
spectroscopy techniques (XANES + EXAFS). Soil samples were collected from seven distinct
locations at three different depths (00-20, 20-40, and 40-60cm) across the Brazilian Amazon
rainforest. XANES analysis revealed that Mn speciation varies significantly across depths and
locations, with Mn(II) dominating surface soils, while oxidized and partially oxidized forms
(MnO2, Mn304 / Mn20s) become more relevant at greater depths. Similarly, Zn speciation showed
high variability, with organic-bound Zn species (e.g., Zn-Cysteine) dominating in surface soils,
whereas inorganic species were more abundant in deeper layers. EXAFS results further confirmed
these findings. Our data highlight the significant influence of natural organic matter (NOM) on Mn
and Zn speciation in Amazonian soils, providing valuable insights into the geochemistry of these

two micronutrients within one of the world's most important biomes.

INTRODUCTION

The Amazon Rainforest, often referred to as the "lung of the planet," is one of the most
crucial biomes on Earth, regulating not only the carbon cycle but also numerous biogeochemical
processes that influence global environmental health (Gatti et al., 2021; Qin et al., 2021). Its vast
and complex ecosystem, spanning approximately 5.5 million square kilometers, supports diverse
flora and fauna and is indispensable in atmospheric regulation and hydrological cycles (Gatti et al.,

2021; Ellison et al., 2017). One of the key components that influence the productivity and health
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of the Amazon biome is its soils, which are shaped by intricate interactions between biological,
chemical, and physical processes (Aragao et al., 2009). Trace metals present in these soils, such as
manganese (Mn) and zinc (Zn), although often in small concentrations, play a significant role in
controlling soil fertility and biological productivity (Bartlett and James, 1993).

Manganese and Zn are micronutrients that play critical roles in enzymatic functions, redox
reactions, and structural processes within organisms (Kolbert et al., 2022; Socha and Guerinot,
2014; Broadley et al., 2007). Manganese, for instance, is a cofactor for several enzymes in the
photosynthetic process, while Zn plays a pivotal role in enzyme activation, protein synthesis, and
carbohydrate metabolism (Socha and Guerinot, 2014; Broadley et al., 2007). However, their
mobility, bioavailability, and toxicity heavily depend on their chemical speciation in the soil matrix
(Adewuyi and Osobamiro, 2016).

Manganese speciation in soils often involves determining its predominant oxidation state—
Mn(II), Mn(III), or Mn(IV)—each exhibiting distinct levels of mobility and reactivity (Manceau
et al., 2005; Bartlett and James, 1981). Oxidized Mn forms (Mn(III) and Mn(IV)) are expected to
be dominant in highly oxygenated soils, with neutral to alkaline pH and low organic matter content
(Stueben et al., 2004), particularly in deeper mineral soil horizons (Zahoransky et al., 2022).
Reduced manganese (Mn(II)) is expected to dominate under anoxic conditions, with acidic pH and
high levels of natural organic matter (Li et al., 2024).

Zinc in soils exists almost exclusively as Zn(II) (the most stable form in solid matrixes)
(Kabata-Pendias and Szteke, 2015). However, the bonding environment of Zn, e.g., bonded to
organic matter, adsorbed or coprecipitated on minerals, as (oxy)hydroxides or carbonates, can vary
significantly according to the depositional environment (Gomes et al., 2022; Opfergelt et al., 2017).
In highly weathered soils with low organic matter content, Zn is expected to be found mostly
adsorbed or coprecipitated onto mineral surfaces, such as Fe and Al oxides, especially in deeper
soil layers (Barreto et al., 2024; Gomes et al., 2023).

Tropical soils, such as those found in the Amazon rainforest, are well known for their
intense weathering, acidic pH, low organic matter content, and fluctuating redox conditions (Souza
et al., 2018; Souza et al., 2018b; Manceau et al., 2005). These distinctive characteristics complicate
general predictions about Mn and Zn speciation in these soils, requiring detailed studies to unravel
their geochemical behaviors. Studies focusing on Mn and Zn speciation across the Amazon

rainforest are still scarce (Gomes et al., 2023b; Moulatlet et al., 2023).
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Advanced analytical techniques are required to investigate the solid-phase speciation and
atomic environment of Mn and Zn in soils. X-ray absorption fine structure (XAFS) is one such
method, and it has proven effective for examining the local atomic structure and oxidation states
of metals in soils (Manceau et al., 2005; Scheinost et al., 2005). XAFS consists of two specific
techniques: X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS) (Ravel & Newville, 2005).

XANES provides detailed information about oxidation states and local symmetry (Ravel &
Newville, 2005; Scheinost et al., 2005), while EXAFS provides detailed information about the
local atomic environment, including bond lengths, coordination numbers, and the identity of
neighboring atoms (Ravel & Newville, 2005).

Although applying XANES and EXAFS to the study of tropical soils is not new, their use
in the Amazon Rainforest, a region with unique ecological and geochemical characteristics, is
relatively rare and particularly important for understanding how trace metals behave. To our
knowledge, Mn and Zn solid-phase speciation and the atomic environment within Amazon soil
samples have never been analyzed by X-ray Absorption Fine Structure (XAFS) before.

Therefore, this study used XAFS (XANES + EXAFS) spectroscopy to investigate the
speciation and molecular environment of Mn and Zn in soil samples collected from seven distinct
locations across the Amazon rainforest biome. Our objectives were to assess how the speciation of
Mn and Zn has changed with depths and locations. The results provide new insights into a better

understanding of the Mn and Zn geochemistry in one of the world’s most important ecosystems.

METHODS

Soil sample collection and characterization

Soil samples were collected from native areas of the Amazon Rainforest biome, spanning
seven distinct locations across the Brazilian Amazon. These locations are designated as follows:
SS1 (Roraima), SS2 (Pard), SS3 (Amapa), SS4 (Rondonia), SS5 (Amazonas), SS6 (Mato Grosso),
and SS7 (Acre). At each site, samples were taken at three different depths: 0-20 cm, 2040 cm,
and 40—60 cm (21 soil samples in total), using a stainless-steel auger, and kept frozen until further

analysis. The geographic locations of the sampling sites are presented in Figure 1.
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Figure 8: Soil sampling sites in the Amazon rainforest biome

After collection, soil samples were air-dried, sieved to 2 mm, and homogenized. Performed
analyses included Absorption Fine Structure (XAFS) spectroscopy, including X-ray Absorption
Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS), Mn and
Zn total concentrations, soil pH, and natural organic matter (NOM) content.

For Mn and Zn K-edge, XAFS data were collected at PUMA beamline - SOLEIL
Synchrotron - France. All soil samples contained greater than 20 ppm of Mn and Zn each, ensuring
high quality of the XAFS analyses. Total Mn and Zn concentrations were determined by portable
X-ray fluorescence (pXRF) spectrometry, as described by Weindorf and Chakraborty (2020), using
a Vanta Analyzer M-series pXRF spectrometer (Olympus, Waltham, MA, USA). The analysis was
conducted using a rhodium (Rh) X-ray tube (8—50 kV) and a silicon drift detector (SDD) powered
at 115 VAC, with two beams operating at a dwell time of 30 seconds per beam in Geochem mode.
Internal calibration was carried out using the Olympus® 316 stainless steel calibrator. Additional
controls included a blank sample of SiO: and the reference materials NIST 2710a (Montana Soil I)
and NIST 2711a (Montana Soil IT). The recovery percentages for Mn and Zn were calculated based
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on the method described by Koch et al. (2017), yielding 85% and 93% for NIST 2710a and NIST
2711a, respectively, for Mn and 100% and 102% for Zn. The detection limits for both elements
were 4 ppm.

Natural organic matter (NOM) was determined by oxidation with a K-dichromate solution
in the presence of sulfuric acid (Carter and Gregorich, 2006). Soil pH was measured in H20 using
a 1:2.5 (v/v) soil:solution ratio with a TEC-11 multiple pH meter; Tecnal, Brazil.

XAFS (XANES + EXAFS) analysis

Homogenous powdered soil samples were pressed into sample holders made from Teflon
slides with a 7 mm X% 22 mm X 1 mm window and sealed on both sides with X-ray transparent
Kaptone Tape. A KB mirror focused the X-rays to a spot of 3 X 3 um on the sample, which was
mounted at an angle of 45° towards the beam. This led to an effective beam footprint of 3 pm in
vertical and 4.3 pm in horizontal directions. Measurements were performed in ambient air and
temperature.

First, to pinpoint regions of high Mn and Zn concentrations, p-XAFS was used to create 50
x 50 pm heat maps for Mn and Zn and other key elements that could interfere with the desired
spectra (e.g., Fe, Cr, V). XAFS (XANES + EXAFS) data for both elements (Mn and Zn) were
collected in fluorescence mode. Raw XAFS spectra were processed using the Athena program as
part of the Demeter software package (Ravel and Newville, 2005). Multiple sample runs were
merged and smoothed three times. All necessary parameters were adjusted for each sample
spectrum, including pre-edge, post-edge, normalization, spline, and furrier transform.

XANES Mn and Zn K-edge measurements were performed in all 21 soil samples. Energy
ranges for Mn K-edge were from 6.44 to 6.79 keV, with 5 s/point acquisition time. An energy
resolution of 2 eV was chosen in the pre-edge range, from 6.44 to 6.52 keV, and in the post-edge
zone, from 6.60 to 6.79 keV. The area around the edge from 6.52 to 6.60 keV was scanned with
high resolution in steps of 0.5 eV. Zn K-edge XANES spectra were collected over an energy range
of 9.52 to 9.91 keV, with 5 s/point acquisition time. An energy resolution of 2 eV was chosen in
the pre-edge range, from 9.56 to 9.64 keV, and in the post-edge, from 9.72 to 9.91 keV. The area
around the edge (9.64 to 9.72 keV) was scanned with high resolution in steps of 0.5 eV.

As part of the Athena program, Linear Combination Fitting (LCF - XANES) was used to
calculate the percent of each Mn and Zn species in the samples. The standards used for Mn K-edge

comparison were: CaMn(CO3), (Kutnohorite), MnsOgSiO4 (Braunite), MnCO3 (Rhodochrosite),
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Mn,03, Mn304, MnO, and MnO; (Pyrolusite). For Zn K-edge, the used set of standards was: Zn
coprecipitated with ferrihydrite, Zn adsorbed on ferrihydrite, Zn-hydroxide; Zn adsorbed on
gibbsite, ZnO, ZnCOs3; Zn-cysteine; Zn adsorbed on lignite; ZnSO4; Zn3(POs)2, and ZnFe>O4
(Franklinite). Fits were performed over an energy range of -20 to 70 eV for both elements. No
energy shifts were necessary. The percentage of each Mn and Zn species in the soil samples was
decided based on the best fit and the lowest R factor.

EXAFS data were also collected for samples 002 (Mn and Zn), 066 (Mn), and 417 (Zn).
The energy range for EXAFS spectra was -100 eV to +500 eV relative to the main absorption K-
edge of Mn (6539 eV) and Zn (9659 eV). Spectra were collected with an integration time of 5
s/point.

Shell fits of the suitable k3-weighted Mn / Zn EXAFS spectra were performed in Artemis
(Ravel and Newville, 2005) on a shell-by-shell basis in R-space (R+AR = ~1-4 A). R-space
resolution was given by the Rayleigh criterion [0.57/(kmax—kmin)] (Calvin, 2013). Theoretical
phase-shift and amplitude functions were calculated with FEFF6 (Ankudinov et al., 1998) based
on crystal structure information presented by Zahoransky et al. (2023). Coordination numbers
(CN), interatomic distances (R), and Debye-Waller factors (c?) were determined, and goodness of
fits was evaluated by the lowest R factor (Ravel and Newville, 2005).

Before any speciation analyses, data processing tests were run using two identically
prepared standards, MnO and ZnCOs, chosen randomly. Three XANES spectra were collected at
three distinct spots for each reference material. Comparing those scans revealed variations in
maximum intensity (Mn and Zn K edge peak) of less than 1% across scans. This demonstrates the
good reliability of the sample preparation and data processing, particularly background removal

and normalization.

RESULTS AND DISCUSSION

Table 6: Mn and Zn concentrations, pH and natural organic matter (NOM) content of the soil

samples.
Depth Brazilian Mn Zn pH NOM
Sample ID
(cm) State (ppm)  (ppm) (H0) (%)
001 00-20 455 46 4.6 2.6
SS1 Roraima

002 20-40 383 48 4.8 1.3



72

003 40-60 482 49 5.0 1.0
064 00-20 42 23 5.1 2.5
SS2 065 20-40 Para 40 20 4.5 1.1
066 40-60 35 20 4.6 0.8
097 00-20 1646 34 5.4 1.1
SS3 098 20-40 Amapa 1872 27 5.5 0.9
099 40-60 1440 28 53 0.9
148 00-20 84 27 3.6 2.7
SS4 149 20-40 Rondénia 103 27 3.9 1.8
150 40-60 105 27 4.0 1.1
220 00-20 94 27 4.3 1.4
SS5 221 20-40 Amazonas 98 32 4.1 1.3
222 40-60 105 32 4.3 24
259 00-20 66 21 4.2 1.9
Mato
SS6 260 20-40 Grosso 59 20 4.6 1.5
261 40-60 81 23 4.9 1.2
415 00-20 86 23 4.1 2.5
SS7 416 20-40 Acre 108 29 4.5 1.1
417 40-60 104 35 4.6 0.5

Manganese concentrations show considerable variability, ranging from 35 ppm (SS2, 40—
60 cm depth) to 1872 ppm (SS3, 20—40 cm depth). The highest Mn levels are observed in Amapa
(SS3) samples, particularly in the upper layers. Zinc concentrations are more consistent, ranging
from 20 ppm (SS2, Pard) to 49 ppm (SS1, Roraima), with limited variation across depths and
regions. These soils are acidic, with pH values varying between 3.6 (SS4, Rondonia, 0-20 cm
depth) and 5.5 (SS3, Amapa, 20—40 cm depth). Natural organic matter (NOM) content decreases
with depth, ranging from 0.5 % (SS7, Acre, 40—-60 cm depth) to 2.7 % (SS4, Ronddnia, 0-20 cm
depth). The acidic pH and declining NOM with depth are consistent with typical tropical soil
profiles (Gomes et al., 2023).

Manganese speciation
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As mentioned, the oxidation state of Mn in soils varies significantly, fluctuating between
Mn(IT), Mn(III), and Mn(IV). Here, we used Mn K-edge XANES to determine the predominant
oxidation state of Mn in the collected samples. Variations in the position and shape of the main
absorption K-edge (Mn standards) serve as benchmarks for identifying the possible oxidation states

of Mn within the soil samples. These results are presented in Figure 02.
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Figure 9: Manganese K-Edge scans for the standards (leftmost): a -CaMn(CO3), (Kutnohorite), b
- Mn304, ¢ - MnCO3 (Rhodochrosite), d — MnO, e - MngOgSiO4 (Braunite), f - Mn2O3, and g -
MnO: (Pyrolusite), and soil samples (rightmost) according to sample ID (numbers from 01 to 417).
All XANES spectra were collected in an energy range of -40 eV to +100 eV relative to the main
absorption K-edge

Oxidized forms (Mn3O4, Mn203, MnQO3) present an absorption K-edge shifted to higher
energies, between 6,557 and 6,559 eV. In contrast, in reduced forms (CaMn(CO3)2, MnCO3, MnO),
the absorption Mn K-edge appears at lower energies, 6,546 to 6,554 eV. Most of the used standards
present a small pre-edge feature around 6,538 eV to 6,541 eV, which becomes more prominent in

oxidized Mn forms like pyrolusite (MnO3).
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The Amazonian soils exhibited considerable variation in the absorption edge positions and
shape, indicating that the Mn speciation in the Amazon is highly dependent on geographical
location and sampling depth.

For instance, in samples from the State of Roraima, all three depths (001, 002, and 003)
exhibited similar spectral features, with absorption edges shifted to higher energies, from 6,557 eV
to 6,558 eV, the presence of small pre-edges at 6,538.64 eV, and spectra shape close to a distorted
letter “M”. These features strongly resemble the used reference material Mn3O4, suggesting a
partially oxidized environment, where Mn can be present as Mn(II) and Mn(III).

On the other hand, samples from the State of Acre showed significant variations between
the different sampling depths. The surface sample (415) showed a main absorption Mn K-edge
around 6,553.9 eV and a tiny pre-edge peak around 6,538.45, suggesting that reduced forms of Mn
are prominent at the surface layer. However, for samples 416 and 417 (20-40 cm and 40-60 cm),
the main edge appeared around 6,557.34 eV and 6,558.13 eV, respectively, with a more significant
pre-edge around 6,538.58 eV (sample 417), suggesting that oxidized forms of Mn dominated at
deeper layers. Samples from Rondonia (148,149, and 150) and Amazonas (220, 221, and 222)
showed similar spectra, with the Mn K-edge shifting to lower energies, between 6,546 eV and
6,552 eV. However, samples from Amapa (097, 098, and 099) presented the main absorption Mn
K-edge shifted to higher energies, suggesting more oxidized species. Such variation in Mn
speciation reflects the complex redox dynamic existing in soils of the Amazon Rainforest Biome.

To quantify the percentage of Mn(II), Mn(III), and Mn(IV) species in each sample, XANES
linear combination fitting (LCF) was performed using the standards mentioned before. Braunite
(MngOgSi104) was absent from all evaluated samples and, therefore, removed from the final results.
Table 7: LCF Final results — Manganese (Mn) speciation in Amazon soils - All fits were made in

an energy range of -20eV to 70eV

(Mn2+) (Mn2+) (Mn2+) (Mn“”) (Mn3+) (Mn4+)
Sample Depth
D ( CaMl’l(CO3)z MnO MI’ICO3 Ml’l304 Ml’l203 Mn02 AOS*
cm
(%) (%) (%) (%) (%) (%)
001 00-20 0.00 18.28 18.14 49.47 14.11 0.00 2.471
002 20-40 3.34 0.00 0.00 40.63 55.49 0.54 2.837
003 40-60 0.00 2.10 0.00 41.92 33.10 22.88 3.068

064  00-20 2.10 28.30 9.07 60.53 0.00 0.00 2.404
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065  20-40 5.80 36.39 11.50 46.32 0.00 0.00 2.309
066  40-60 25.32 40.80 33.88 0.00 0.00 0.00 2.000
097  00-20 0.00 7.30 0.00 50.30 23.10 19.30  3.062
098  20-40 0.00 11.10 0.00 58.40 9.50 21.00  3.108
099  40-60 0.00 5.90 0.00 58.30 15.00 2090  3.054
148 00-20 58.78 41.22 0.00 0.00 0.00 0.00 2.000
149  20-40 50.22 41.79 7.99 0.00 0.00 0.00 2.000
150  40-60 9.16 34.56 41.29 14.99 0.00 0.00 2.100
220  00-20 0.00 38.03 55.31 6.66 0.00 0.00 2.044
221 20-40 38.01 39.88 5.26 16.85 0.00 0.00 2.112
222 40-60 30.83 41.73 25.50 1.93 0.00 0.00 2.013
259  00-20 30.83 41.73 25.50 1.93 0.00 0.00 2.013
260  20-40 10.37 33.90 26.43 29.31 0.00 0.00 2.195
261 40-60 0.00 29.41 9.27 36.63 24.70 0.00 2.491
415 00-20 0.00 30.09 31.60 38.32 0.00 0.00 2.255
416  20-40 0.00 27.62 19.96 33.21 0.00 1921  2.606
417  40-60 0.00 12.23 0.00 55.57 6.68 2553  2.948

*AOS = Average oxidation state

LCEF final results confirm that Mn speciation varies significantly across the evaluated soil
samples. However, the most consistent trend observed in this table is that reduced forms of Mn
dominated speciation in the Amazon. Mn(Il) as Kutnohorite, Rhodochrosite, and MnO were the
main Mn species in samples 065, 066, 148 to 150, 220 to 222, 259, 260, and 415 (more than 50 %
of the evaluated samples), suggesting reducing conditions on these soils’ samples. The average
oxidation state (AOS) of Mn (Table 02) ranged from 2.00 to 3.068, further confirming that Mn(II)
dominated in these soils, with occasional shifts towards Mn(III) in specific locations or depths.

This result is somewhat surprising since for soils with high oxygen availability, elevated
soil porosity, no waterlogging conditions, and low organic matter content, which is the case of the
studied Amazonian soil samples, Mn was expected to be found chiefly in oxidized forms, Mn(III)
and Mn(IV) (Stueben et al., 2004). However, acidic pH, high levels of precipitation, and significant
amounts of labile NOM could be the main factors responsible for creating a reduced environment

in these Amazonian soils (Zahoransky et al., 2022; Wen et al., 2022).
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In addition, this reduced Mn occurs mainly as Mn-Natural Organic Matter (NOM)
bounding instead of Mn(II) associated with carbonates and/or oxides. Natural organic matter (e.g.,
low molecular weight organic acids, protonated phenolic hydroxyls, and several polar groups of
humic substances) can rapidly reduce metals in the soil matrix (e.g., Mn, Cr, Cu) by H-atom transfer
(HAT) mechanism (Briiggenwirth et al., 2024; Paulus & Vitousek, 2024) and also capture reduced
Mn(II) through surface adsorption and/or complexation, forming and precipitating Mn(II)-NOM
complexes (Zhang et al., 2024).

To support this hypothesis, a depth-related trend in Mn speciation is present (new figure
X). For many samples, Mn(II) dominates the upper soil layers (0-20 cm), while oxidized forms
become more relevant at greater depths. Although initially unexpected, this observation may
suggest a depth-related redox gradient, where surface layers enriched in organic matter and
microbial activity promote reducing conditions that favor Mn(II) species. As depth increases, lower
organic activity and, consequently, higher oxygen availability can create conditions that allow the
oxidation of Mn(II) to Mn(IIl) and Mn(IV) (Briiggenwirth et al., 2024).

Sample 415 from the surface layer shows a dominant presence of Mn(Il) species like
rhodochrosite and MnO. However, at greater depths (samples 416 and 417), Mn,0O3; and MnO»
concentrations increase significantly, indicating a transition towards more oxidizing conditions
with increasing soil depth. Similar patterns were observed in samples from Mato Grosso (259-261),
Rondodnia (148-150), and Roraima (001-003).

Mns;O4 (Mn?¢7") exhibits a mixed-valence manganese oxide containing both Mn(II) and
Mn(IIl) (Chalmin et al., 2009) and is prevalent in many samples (e.g., samples 001 and 003). The
presence of MnsOa indicates conditions where Mn exists in both reduced and partially oxidized
forms, often resulting from fluctuating redox conditions, characteristic of environments where
alternating wetting and drying cycles are prevalent (Wen et al., 2022; Sparrow & Uren, 2014).

Mn:O:s is found in notable quantities in specific samples (e.g., samples from the deeper
layers of Roraima and Mato Grosso). These sites probably experience greater oxygen availability
in deeper soil layers due to lower organic matter content or specific well-drainage conditions
(Sparrow & Uren, 2014). Interestingly, MnO-, the fully oxidized form, is largely absent from most
samples, except in deeper soil layers of Acre, Amap4, and Roraima. This indicates that the overall
environment in these Amazonian soils is reducing, with limited conditions supporting complete

Mn oxidation.
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The low R factor values across all samples, consistently below 0.1, indicate good fits of the
XANES-LCF to the standards (Ravel & Newville, 2005), especially when dealing with amorphous
materials.

To determine the molecular environment of Mn in these soil samples and, therefore, test
our hypothesis that NOM is one of the main factors responsible for reduced Mn in Amazonian
soils, we also collected EXAFS Mn K-Edge data from two different samples (002 and 066).

Table 8: Coordination numbers (CN), bond distances (A), 6> (Debye-Waller factor), and R Factor
of the best EXAFS models fits for samples 002 and 066, along with known published Mn standards.

1% shell 21d Shell
Sample
Element Distance Distance Ref.
1D Path CN o’ Path CN o’
A) A)

Mn 002 Mn-O 4.0 1.86 0.006 Mn-Mn 5.0 2.97 0.015  This work
Mn 066 Mn-O 6.5 2.26 0.025 Mn-C 4.0 3.04 0.003  This work

Zahoransky
Mn Mn;O; Mn-O 4.0 1.92 0.007 Mn-Mn 5.2 3.11 0.005 etal.
(2023)
Mn(I)- Zahoransky
Mn Mn-O 6.5 2.18 0.004 Mn-C 4.0 2.95 0.004 et al.
NOM
(2023)

Sample 002 showed the Mn-O path for the first shell, with a coordination number (CN) of
4.0 and an interatomic distance of 1.86 A. For a single scattering path (SS), the second shell showed
an Mn-Mn bound with CN = 5.0 and a distance of 2.97 A. This structure strongly resembles the
Mn atomic environment published for Mn2Os (Zahoransky et al., 2023). Our XANES results
showed a proportion of ~56% of Mn20s for sample 002, validating our EXAFS results. The
consistency between XANES and EXAFS data strengthens our conclusions regarding Mn's
oxidation state and local atomic environment in these soils.

Sample 066 showed 100 % Mn in reduced forms, such as MnO and rhodochrosite (MnCO3).
However, according to our best model fit (EXAFS) for sample 066, Mn is likely to be in a complex
form with oxygen-rich organic matter rather than purely inorganic oxides or carbonates. The first
shell showed a Mn-O path with a distance of 2.26 A and CN of 6.5. The second shell comprises an
Mn-C path with a bond distance of 3.04 A and CN of 4.0. These results are similar to the formation
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of Mn(II)-NOM complexes in soils, where Mn interacts with oxygen functional groups (e.g.,
carboxyl groups) and carbon atoms from organic ligands (Zahoransky et al., 2023). These findings
confirm that organic matter is, in fact, responsible for Mn reduction and stabilization in this soil
sample. A similar process may also be responsible for the reduced Mn in other samples.

Zinc speciation

Zinc redox in soil remains (+II), yet we can use XANES spectroscopic measurements to

identify which phases are the main Zn species in Amazonian soils (Figure 3).

A :
\ a 259
| i
. 2 260
= i
=] | . h | . |
g - \ I | 261
B I ™ h | -
2 1 — i
= I £ ]
¢ | !LH.JII
=0 | i il -
@ [ A _
N J.. — TR 415
= ~d | _ i .
,E ) .I-h'l ~j |I|!' M i16
VA - — T
I~ : k | T
) | f
I} Ii .IE

9610 9660 9710 9760 9610  S660  9TI0 9760 9610 9660  STI0 9760 9610 9660  9TI0 9760 9610 9660  9TI0  9T60
Energy (eV)

Figure 10: Zinc K-Edge scans for the standards (leftmost): a - Zn coprecipitated with ferrihydrite;
b - Zn adsorbed on ferrihydrite; ¢ — Zn(OH);-hydroxide; d - Zn adsorbed on gibbsite; e — ZnO; f —
ZnCOs3; g - Zn-cysteine; h - Zn adsorbed on lignite; 1 — ZnSOs; j — Zn3(PO4)2, and k — franklinite;
and soil samples (rightmost) according to sample ID (numbers from 01 to 417). All XANES spectra

were collected in an energy range of -40 eV to +100 eV relative to the main absorption K-edge

Similar to Mn, variations in the absorption edge positions and shape reveal considerable
heterogeneity in Zn speciation. The Zn-cysteine standard shows a main absorption K-edge shifted
to lower energies, around 9,663 eV, followed by a small shoulder at 9,667 eV; these features
indicate Zn complexed with organic ligands (Figure 3).

Zinc carbonates (ZnCO3) show a Zn K-edge shifted to higher energies, ~9,668 eV, and a

prominent shoulder around 9,711 eV, indicating conditions favorable to carbonate precipitation.
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Zinc adsorbed onto gibbsite shows a K-edge around ~9,668 ¢V and an evident shoulder around
9,725 eV, indicating zinc is associated with mineral-bound forms.

Samples from the States of Roraima (Fig 3) (001, 002, 003), Rondonia (148, 149, and 150),
and Amazonas (220, 221, 222) exhibited a sharp, pointy absorption K-edge near 9,668 ¢V and a
shoulder around 9,725 eV, similar for all three depths within the state. This suggests the dominance
of Zn associated with mineral-bound forms such as Zn adsorbed onto gibbsite or Fe oxides, which
are common in highly weathered tropical soils (Figure 3) (Gomes et al., 2022).

XANES spectra for samples from Para (064 to 066), Amapa (097 to 098), Mato Grosso
(259 to 261), and Acre (415 to 417) suggest a mixture of organic-bound Zon and Zn associated
with carbonates and oxides within the soil profile. These variations likely reflect differences in soil
properties, such as natural organic matter content and mineral composition (Barreto et al., 2024).

Table 9 presents the final linear combination fitting (LCF) results. ZnSO4, Zn3(PO4)2, and
Zn coprecipitated with ferrihydrite were absent from all evaluated samples and, therefore, were
removed from the final fits.
Table 9: LCF final results - Zinc (Zn) speciation in Amazonian soils — All fits were made in an

energy range of -20eV to 70eV

Zn()-  Zn(ID)- Zn(1D)- Zn(1D)-
Sample ZnCOs; Zn(OH)» Franklinite ZnO
Lignite Cysteine Ferrihydrite Gibbsite
ID (%) (%) (%) (%)
(%) (%0) (o) (%)
001 4.55 22.90 12.05 0.00 0.00 0.00 0.00  60.51
002 0.00 16.14 0.00 0.00 0.00 0.00 0.00 83.86
003 0.00 11.92 42.24 0.00 0.00 0.00 0.00 45.83
064 0.00 96.16 3.84 0.00 0.00 0.00 0.00 0.00
065 0.00 64.53 0.00 0.00 0.00 5.88 0.00  29.59
066 0.00 20.98 31.67 0.00 0.00 0.00 0.00 47.35
097 2.87 25.52 25.20 0.00 0.00 0.00 46.42  0.00
098 52.77 45.93 0.00 0.00 0.00 0.00 0.00 1.30
099 0.00 5.23 94.72 0.05 0.00 0.00 0.00 0.00
148 0.00 24.62 0.00 0.00 0.00 0.00 0.00  75.38
149 0.00 40.44 15.84 0.00 0.00 0.00 0.00  43.72
150 0.00 33.75 28.94 0.00 0.00 0.00 0.00  37.31

220 0.00 35.71 15.80 0.00 0.00 0.00 0.00  48.48
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221 0.00 0.00 17.74 24.25 0.00 0.00 0.00  58.01
222 7.76 50.45 0.00 0.00 0.00 0.00 0.00 41.79
259 0.00 0.00 56.63 0.00 0.00 25.05 18.32  0.00
260 0.00 29.96 2.77 0.00 67.28 0.00 0.00 0.00
261 0.00 0.00 24.67 20.24 0.00 0.00 0.00  55.09
415 0.00 36.59 0.00 0.00 42.43 20.98 0.00 0.00
416 0.00 25.66 63.27 0.00 0.00 0.00 11.07  0.00
417 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00

Three Mn species are present in all Amazon soils: Zn bonded to organic matter as Zn-
cysteine, Zn bonded to carbonates as ZnCO3, and Zn adsorbed in aluminum oxides as Zn-gibbsite.

Zinc bonded to organic matter, as Zn-cysteine, showed significant presence in the evaluated
soils, particularly in samples 064 and 065 (96.16 % and 65.5 %, State of Pard), 097 and 098 (25.52
% and 45.9 %, Amapd), 148 and 149 (24.6 % and 40.44 %, Rondodnia), and all analyzed depths
from Acre state. This indicates that Zn forms strong bonds with organic ligands like cysteine in
Amazonian soils despite their low organic matter content. This form of zinc is known to be stable
and immobile and is often found in surface soils with high natural organic matter content (Gondikas
et al., 2010; Karlsson and Skyllberg, 2007).

Carbonate-bound Zn (ZnCOs) was found in high concentrations in several samples,
particularly in deeper soil layers such as samples 003 (42.24% at 40-60 cm), 099 (94.72 % at 40-
60 cm), 066 (31.67 % at 40-60 cm). ZnCO:s is typically more stable under neutral to alkaline pH,
which makes this result somewhat surprising, as acidic pH was observed in these soils (Nazif et
al., 2015). Even if the tropical environment of the Amazon makes the precipitation of secondary
carbonates on a large scale unlikely, tiny amounts of ZnCO3 (< 50 ppm) may be precipitated within
soil aggregates or soil micropores and be temporally protected from the intense leaching (Gomes
etal., 2023).

Zinc adsorbed on gibbsite was the main Zn species in several samples: 001 to 003, 148 to
149, and 220 to 222. The abundance of this phase suggests a significant interaction of Zn with Al,
common in highly weathered tropical soils (Barreto et al., 2024). This form of Zn is typically stable
under acidic to neutral pH conditions, which is true for the Amazon Rainforest (Roberts et al.,

2003).
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Zn-lignite was detected in four samples, with notable presence only in sample 098 (52 %).
Other samples showed very small amounts of Zn-lignite, particularly in deeper soil layers (e.g.,
samples 003, 150, 261). The presence of Zn-hydroxide was minimal across all samples, with
notable percentages only in samples 221 and 261 (24.25 %. and 20.24 %, respectively), implying
limited bonding between Zn and OH functional groups.

Franklinite (ZnFe>O4) was detected in trace amounts in a few samples, notably in samples
259 and 415, where it reached values of 25.05 % and 20.98 %, respectively. This suggests the
potential presence of spinel-group minerals, although these occurrences are relatively rare (Li et
al., 2019).

ZnO appeared in only three samples - 097, 259, and 416 - with 46.42 %, 18.32 %, and 11.07
%, respectively. These results indicate potential metal oxide formation, particularly in
environments with low organic content (Van Eynde et al., 2022). The R factor values, which
measure the goodness of the performed fits, were consistently below 0.1, indicating a reliable fit
for the Zn speciation data (Ravel and Newville, 2005).

XANES results also indicate a depth-related trend in Zn speciation. Surface soils (0-20 cm)
often exhibit higher proportions of Zn-organic-bound species, like Zn-cysteine, possibly due to the
higher natural organic matter content in the surface samples. As depth increases, there is a notable
shift towards mineral-bound Zn species, like ZnCOs and Zn-gibbsite, indicating changes in soil
chemistry with depth, such as reduced organic matter and higher mineral content. Zinc K-edge
EXAFS data were also collected for samples 002 and 417 (Table 05) and compared with published
standards.

Table 10: EXFAS results for Zn coordination environment for samples 002 and 417 and for the
standards published by Roberts et al. (2003) and Karlsson and Skyllberg (2007).

1% shell 2" Shell
Sample
Element Distance Distance Ref.
ID Path CN o’ Path CN o’
A) A)

/n 002 /n-0 5.0 2.05 0.005 Zn-Al 1.0 3.09 0.003  This work
/n 417 /n-S 3.0 2.33 0.001 /n-C 3.0 3.86 0.003  This work

Zn(1D)- Roberts et al.
/n /n-0 4.9 2.02 0.006 Zn-Al 1.6 3.02 0.007

Gibbsite ' (2003)
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Karlsson &
Zn(1D)-
Zn ] Zn-S 3.0 2.33 - Zn-C 3.0 3.29 - Skyllberg
Cysteine
(2007)

Sample 002 showed a Zn-O path for the first coordination shell of 2.05 A and a coordination
number of 5.0. The second shell presented a Zn-Al path of 3.09 A and a coordination number of
1.0. This structure strongly resembles the Zn atomic environment published for Zn-gibbsite
(Roberts et al., 2003), suggesting that in sample 002, Zn is adsorbed on gibbsite. This conclusion
agrees with our XANES Zn K-edge results since, for sample 002, the main species of Zn was Zn-
gibbsite, which is 83 % of the total Zn in the sample.

In the same way, for sample 417, having most of Zn bound to cysteine, according to our
XANES data, the EXAFS results showed a Zn-S path for the first shell at 2.33 A and a coordination
number of 3.0, and for the second shell a Zn-C path of 3.86 A and a coordination number of 3.0. A
similar coordination environment for Zn bound to cysteine was published by Karlsson and
Skyllberg (2007), confirming our XANES data.

Similar to the findings for Mn, our Zn XANES and EXAFS results show consistent
agreement across samples, strengthening our conclusions regarding the dominant Zn species and

its local atomic environment in these soils.

CONCLUSIONS

Our provides a detailed understanding of the speciation and atomic environment of Mn and
Zn in tropical soils present in the Amazon Rainforest Biome, employing advanced X-ray
Absorption Fine Structure (XAFS) techniques.

The results demonstrate that Mn predominantly exists in reduced forms - Mn(Il) - in the
Amazon, especially in surface soils. In these soil microsites, reducing conditions may prevail due
to high microbial activity and higher organic matter content, even in well-drained soils. In contrast,
oxidized forms - Mn(Ill) and Mn(IV) - become more prevalent in deeper soil layers, where
microbial activity decreases and consequently increases oxygen availability.

Similarly, Zn speciation shows considerable variability, with organic-bound Zn species
dominating soil surface layers. As soil depth increases, inorganic species such as Zn-adsorbed on

gibbsite become more prevalent. This shift suggests that Zn interaction with the mineral phases
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increases with depth. Microsites inside soil aggregates may protect tiny amounts of soluble forms
of Zn, like carbonates, even in a highly leaching soil environment.

Natural organic matter played a critical role in the speciation of both Mn and Zn. This study
enhances our understanding of micronutrient cycling in the Amazon and highlights the importance
of organic matter in mediating metal speciation in tropical biomes. This has significant

contributions for soil fertility and environmental management.
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