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Abstract
Microorganisms are able to manipulate redox reactions and thus exert extensive control on chemical speciation and element 
partitioning in nature, affecting the formation and dissolution of certain minerals. One of these redox active elements 
is manganese (Mn), which in its oxidized states (III/IV), commonly forms Mn oxide-hydroxide minerals. A microbially 
mediated birnessite-type Mn oxide enriched in yttrium (Y) and rare earth elements (REE) has been studied in our research. 
The YREE-enriched birnessite was found in a tunnel to the main shaft of the former Ytterby mine in Sweden, well known 
as the place of discovery of scandium, yttrium, tantalum and five of the REEs. The thesis aims to define preconditions 
and processes leading to the formation of this Ytterby birnessite, with particular focus on microbial involvement and the 
potentially promoting role of biofilms. Dynamics and mineral products of the natural system are studied in combination 
with analyses of Mn phases produced in vitro by microbes isolated from this system. In addition, the nature of the YREE 
association with the birnessite-type Mn oxides is investigated.

Natural birnessite has the composition Mx(Mn3+, Mn4+)2O4•(H2O)n  with M ususally being (Na,Ca) and x=0.5. 
An empirical formula based on element analyses for the Ytterby birnessite has been assessed as M =
(Ca0,37-0,41YREE0.02Mg0.04Other metals0.02-0.03), with [Mn3+]/[Mn4+] = 0.86-1.00 to achieve charge balance. We find that there 
is a preference for the trivalent YREEs over divalent and monovalent metals. There is also a preferential uptake of light rare 
earth elements (LREE) relative to heavy rare earth elements (HREE), likely due to mineralogical preferences for charge and 
ionic radius. The YREEs are strongly bound to the mineral structure and not merely adsorbed on the surface. The Mn deposit 
subsystems (fracture water, Mn oxide precipitating biofilm and bubble biofilm) are phylogenetically significantly different 
and the microbial community composition of the feeding water has little impact on the derived biofilms. The signature 
microbial groups of the Mn oxide producing biofilm Rhizobiales (e.g., Pedomicrobium), PLTA13 Gammaproteobacteria, 
Pirellulaceae, Blastocatellia and Nitrospira are adapted to the specific characteristics of the biofilm: an emerging extreme 
environment (low temperature, no light, high metal concentration) which is in part generated by the biofilm components 
themselves. Known Mn oxidizers are identified among these niched microbial groups and four of the isolated bacterial 
species (Hydrogenophaga sp., Pedobacter sp., Rhizobium sp. and Nevskia sp.) as well as one fungal species (Cladosporium 
sp.) are involved in Mn oxide production. Hydrogenophaga sp. and Pedobacter sp. produce Mn oxides independently 
while results imply a synergistic relationship between Rhizobium sp. and selected species. Members of the Pedobacter 
and Nevskia genera are previously not known to oxidize Mn. Microstructural characterizaton show that the growth pattern 
of the birnessite-type Mn oxides is either dendritic/shrublike or spherulitic/botryoidal. Nucleation takes place in close 
association to the biofilm and initial Mn precipitates are observed at different locations depending on the mediating species. 
Encrustations of cells and other organic structures by Mn precipitates serve as stable nuclei for further growth. The close 
relationship appears to decrease in importance as the aggregates of poorly crystalline precipitates grow. In the more 
developed crystals, a repetitive pattern, Liesegang-type of rings, suggests that abiotic factors take over.

Keywords: manganese oxidizers, birnessite, yttrium and rare earth elements (YREE), biofilms, shallow subsurface, 
Ytterby mine, geomicrobiology, microbial geochemistry.
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Abstract 

Microorganisms are able to manipulate redox reactions and thus exert extensive control on 

chemical speciation and element partitioning in nature, affecting the formation and dissolution 

of certain minerals. One of these redox active elements is manganese (Mn), which in its 

oxidized states (III/IV), commonly forms Mn oxide-hydroxide minerals. A microbially 

mediated birnessite-type Mn oxide enriched in yttrium (Y) and rare earth elements (REE) has 

been studied in our research. The YREE-enriched birnessite was found in a tunnel to the main 

shaft of the former Ytterby mine in Sweden, well known as the place of discovery of 

scandium (Sc), yttrium (Y), tantalum (Ta) and five of the REEs. The thesis aims to define 

preconditions and processes leading to the formation of this Ytterby birnessite, with particular 

focus on microbial involvement and the potentially promoting role of biofilms. Dynamics and 

mineral products of the natural system are studied in combination with analyses of Mn phases 

produced in vitro by microbes isolated from this system. In addition, the nature of the YREE 

association with the birnessite-type Mn oxides is investigated.  

Natural birnessite has the composition Mx(Mn
3+

,Mn
4+

)2O4•(H2O)n  with M ususally being 

(Na,Ca) and x=0.5. An empirical formula based on element analyses for the Ytterby birnessite 

has been assessed as M = (Ca0,37-0,41YREE0.02Mg0.04Other metals0.02-0.03), with [Mn
3+

]/[Mn
4+

] 

= 0.86-1.00 to achieve charge balance. We find that there is a preference for the trivalent 

YREEs over divalent and monovalent metals. There is also a preferential uptake of light rare 

earth elements (LREE) relative to heavy rare earth elements (HREE), likely due to 

mineralogical preferences for charge and ionic radius. The YREEs are strongly bound to the 

mineral structure and not merely adsorbed on the surface. The Mn deposit subsystems 

(fracture water, Mn oxide precipitating biofilm and bubble biofilm) are phylogenetically 

significantly different and the microbial community composition of the feeding water has 

little impact on the derived biofilms. The signature microbial groups of the Mn oxide 

producing biofilm Rhizobiales (e.g., Pedomicrobium), PLTA13 Gammaproteobacteria, 

Pirellulaceae, Blastocatellia and Nitrospira are adapted to the specific characteristics of the 

biofilm: an emerging extreme environment (low temperature, no light, high metal 

concentration) which is in part generated by the biofilm components themselves. Known Mn 

oxidizers are identified among these niched microbial groups and four of the isolated bacterial 

species (Hydrogenophaga sp., Pedobacter sp., Rhizobium sp. and Nevskia sp.) as well as one 

fungal species (Cladosporium sp.) are involved in Mn oxide production. Hydrogenophaga sp. 

and Pedobacter sp. produce Mn oxides independently while results imply a synergistic 

relationship between Rhizobium sp. and selected species. Members of the Pedobacter and 

Nevskia genera are previously not known to oxidize Mn. Microstructural characterizaton 

show that the growth pattern of the birnessite-type Mn oxides is either dendritic/shrublike or 

spherulitic/botryoidal. Nucleation takes place in close association to the biofilm and initial Mn 

precipitates are observed at different locations depending on the mediating species. 

Encrustations of cells and other organic structures by Mn precipitates serve as stable nuclei 

for further growth. The close relationship appears to decrease in importance as the aggregates 

of poorly crystalline precipitates grow. In the more developed crystals, a repetitive pattern, 

Liesegang-type of rings, suggests that abiotic factors take over.  

 

  



 

Sammanfattning 

Arbetet som beskrivs i denna doktorsavhandling utforskar samspelet mellan mikroorganismer, 

metaller och mineraler. I naturen drivs många grundämnens kretslopp till stor del av 

redoxprocesser, vilka sker spontant på jordens yta så länge de är termodynamiskt fördelaktiga. 

Mikroorganismer har förmågan att manipulera dessa redoxreaktioner så länge den mikrobiella 

aktiviteten är mer effektiv än den inorganiska processen. Under dessa medlingsprocesser 

påverkar mikroberna fördelningen mellan lösliga och olösliga species och därmed även 

bildandet och nedbrytning av vissa mineral. Ett av dessa manipulerbara redoxaktiva 

grundämen är mangan (Mn) vilket i sina mer oxiderade tillstånd (III/IV) vanligen bildar Mn 

oxider-hydroxider. En lågkristallin variant av mineralet birnessit är den mest förekommande 

fasen som produceras vid mikrobiell Mn-oxidation.  

I vår forskning har vi tillgång till en ansamling av en mikrobiellt bildad variant av Mn-oxiden 

birnessit, anrikad med yttrium (Y) och sällsynta jordartsmetaller (rare earth elements, REE). 

Mn-oxiderna är associerade med vattenförande sprickor i en tunnel som leder till 

huvudschaktet i den forna kvarts- och fältspat-gruvan i Ytterby, belägen på Resarö i 

Stockholms skärgård, Sverige. Gruvan är också världsberömd som fyndort för scandium (Sc), 

yttrium (Y), tantalum (Ta) och fem sällsynta jordartsmetaller. I anslutning till de 

vattenförande sprickorna täcker ansamlingar av dessa Mn-oxider stora områden av den ca 2 m 

höga tunnelväggen. Denna doktorsavhandling avser att öka förståelsen av mikrobiell 

påverkan, speciellt med avseende på biofilmer, i bildningen av dessa Mn-oxider. Den 

mikrobiella populationen och associerade mineralprodukter har studerats på plats (in situ) i 

kombination med analyser av Mn-faser producerade in vitro av bakterier och svamp isolerade 

från detta system. Parallellt har vi också studerat hur YREE är bundna till denna birnessit-

variant.  

Vi finner att Ytterby-birnessiten innehåller 1 viktprocent YREE av total torrvikt och 2±0.5 

viktprocent YREE av det totala metallinnehållet. Detta är bland de högsta YREE-halter som 

observerats i sekundära utfällningar innehållande YREE. Sekventiell lakning av birnessiten 

antyder en mineralstruktur där YREE är inkorporerade, och inte bara adsorberade på 

mineralytan, även vid pH så lågt som 1.5. Koncentrationsförhållandet mellan de utfällda Mn-

oxiderna och sprickvattnet tyder på en stark preferens för de trivalenta YREE över divalenta 

och monovalenta metaller. Vidare finner vi att de lätta sällsynta jordartsmetallerna (light rare 

earth elements, LREE) tas upp av Mn-oxiderna i högre grad än de tunga jordartsmetallerna 

(heavy rare earth elements, HREE), vilket sannolikt beror på en mineralogisk preferens för 

hög laddning och viss jonstorlek.  

Den mikrobiella populationen i Mn-fyndighetens alla delsystem (sprickvatten, Mn-

oxidproducerande biofilm, bubbel-biofilm) är fylogenetiskt signifikant olika och de 

dominerande mikrobiella grupperna i sprickvattnet verkar ha liten inverkan på de bildade 

biofilmerna. Resultaten indikerar snarare att de bakterier som är specifika för Mn-oxiderna 

(här benämnt Ytterby black substance, YBS) ackumuleras som ett resultat av vattenkemin 

(god tillgång till Mn [172 µg/L] och YREE [12 µg/L]) och de fysikalisk-kemiska 

egenskaperna i tunnelmiljön. Det är dock möjligt att den höga mikrobiella artrikedomen i 

sprickvattnet ökar chanserna att innehålla mikrober, även mycket låga halter, som är 

anpassade för att kolonisera den bistra miljön som YBS utgör. 

Bakterier specifika för den manganoxiderande biofilmen (YBS) finns bland släktena 

Rhizobiales (e.g. Pedomicrobium manganicum), PLTA13 Gammaproteobacteria, 



 

Pirellulaceae, Blastocatellia and Nitrospira. Dessa bakteriegrupper är anpassade till de 

faktorer som definierar ackumulationsmiljön: låg konstant temperatur (8°C), avsaknad av ljus, 

högt metallinnehåll och möjligen också närheten till den tidigare lagringen av 

petroleumprodukter (under det kalla kriget användes gruvschaktet i 35-40 år av den Svenska 

Försvarsmakten för lagring av diesel och jetbränslet MC-77). Kända Mn-oxiderare är 

identifierade bland dessa bakteriegrupper (se detaljer i tabell 2) och ytterligare fyra isolerade 

typer av bakterier (Hydrogenophaga sp., Pedobacter sp., Rhizobium sp. and Nevskia sp) och en 

svamp (Cladosporium sp.) är involverade i produktion av Mn-oxider. Hydrogenophaga sp. och 

Pedobacter sp. har förmåga att bilda Mn oxid självständigt medan Rhizobium sp. verkar 

behöva ett synergistiskt förhållande med valda arter (tex. Nevskia sp). Mer forskning krävs för 

att klargöra detta förhållande. Pedobacter sp. är inte tidigare känd för att kunna oxidera Mn.  

Bakterien Nevskia dominerar i den bubbel-biofilm som täcker stora ytor av Mn-utfällningarna 

(Fig. 2E/F/G). Detta är en robust hydrofob biofilm placerad i gränsytan mellan vatten - luft 

eller luft – luft (Fig. 9). Dessa egenskaper står i skarp kontrast till YBS-biofilmen i vilken 

partiklarna och mikroorganismerna tillsammans bildar en hygroskopisk substans som lätt kan 

suspenderas i vatten. Det är möjligt att den mikrobiella populationen i den Nevskia-

dominerade biofilmen är de första bosättarna av bergväggen och att dessa bakterier 

tillhandahåller den form av organiskt kol som den heterotrofa Mn-oxiderande populationerna i 

YBS behöver för att frodas.  

Mikrofotografier visar att Mn-oxiderna som bildas i Ytterby har ett dendritiskt/buskliknande 

eller spherulitiskt/botrydoidalt växtsätt. Kärnbildning sker i ett nära förhållande med biofilmen 

(celler och extracellulärt organiskt material) och observeras på olika platser beroende på vilken 

bakterie som är inblandad i mineralproduktionen. Inkapsling av celler och andra organiska 

strukturer i Mn-utfällningarna utgör sedan stabila kärnor för ytterligare tillväxt. Förhållandet 

mellan organiskt material och mineral tenderar att bli mindre viktigt i takt med att 

ansamlingarna av Mn-utfällningar växer till. I mer utvecklade kristaller (ca. 5-50 µm), 

observerar vi ett repetitivt mönster liknade det som kallas Liesegang-ringar, vilket antyder att 

abiotiska faktorer tar över fortsatt kristalltillväxt. 
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1. Introduction 

Microbial communities are essential to the functioning of all ecosystems at the surface and 

subsurface of Earth. Situated at the biosphere-lithosphere interface, they are involved in all 

major processes regulating the carbon cycle, influencing through their metabolic activity the 

balance between more oxidized and more reduced forms of carbon. Metabolically highly 

flexible compared to eukaryotes, they are vital in most Earth biogeochemical element cycling 

as they can use a multitude of redox sensitive elements as electron donors or acceptors for 

lithotrophy or respiration. This metabolic activity strongly influences dissolution and 

precipitation of various minerals associated with these element cycles and therefore has 

considerable environmental impact.  

In abiotic systems at near neutral pH, redox reactions can be slow or inhibited for several 

elements. Such reactivity barriers promote alternative pathways that could involve other 

reactants produced through microbial activity (Luther, 2010). One of these manipulable redox 

active elements is manganese (Mn) which has three oxidation states in nature (II/III/IV). 

Abiotic oxidation of Mn(II) in solution by oxygen (O2) usually requires a pH of 7-8 or higher 

and the reaction rate is slow (Morgan, 2005; Luther, 2010). Most Mn(II) oxidation is 

therefore believed to be microbially driven (Tebo et al., 2004). Why microbes oxidize Mn is 

still largely unknown, partly because it has not yet been demonstrated that oxidation of 

Mn(II) is used to obtain energy (chemo- or photolithotrophy). Recent studies have rather 

emphasized Mn(II/III) oxidation as an important antioxidant activity that neutralizes short-

lived but harmful free radicals (e.g., reactive oxygen species; ROS) within and outside the 

cell (Daly et al., 2004; Learman et al., 2011; Hansel and Learman, 2016).  

Previous research has demonstrated that the predominant initial mineral phase formed in 

microbially mediated Mn oxidation is a structurally disordered birnessite-type 

phyllomanganate (Villalobos et al., 2003; Tebo et al., 2004; Bargar et al., 2005; Hansel and 

Francis, 2006; Villalobos et al., 2006; Dick et al., 2009; Santelli et al., 2011; Hansel and 

Learman, 2016). Yet microbial impact on the properties of these precipitates is still not well 

understood. The possibility to link nano- and microscale morphology, as well as growth 

fabric of Mn oxides, to biological activity would make these types of properties useful as 

biosignatures in recent and past Mn accumulations. Mn oxides are also strong sorbents of 

metals because of their high specific surface area and reactivity readiness (Nelson et al., 1999; 

Kay et al., 2001; Toner et al., 2006; Takahashi et al., 2007; Peña et al., 2010). Oxidation of 
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Mn(II) and subsequent formation of sparingly soluble oxides of Mn(III) and Mn(IV) 

therefore have considerable environmental impact. A system dominated by birnessite-type 

Mn oxides thus provides promising conditions for studying the impact of microorganisms 

and extracellular organic matter on Mn oxides and the association of these precipitates with 

trace elements. 

The research presented in this thesis is concerned with a shallow subsurface system sustained 

by epilithic biofilms, which over time have formed rock wall coatings dominated by a yttrium 

and rare earth element (YREE)-enriched birnessite-type Mn oxide. The Mn oxides (here 

denoted YBS, Ytterby Black Substance) were observed precipitating from water bearing 

fractures during an investigation of the Ytterby mine and connecting tunnels in 2012. The 

YREE concentrations in the YBS are high, representing 1% of the total dry mass and 2% of 

the total metal content. This is a system that offers an opportunity to investigate microbe-

mineral interactions in an emerging extreme environment (low temperature, no light, high 

metal concentration) that is in part generated by the biofilm components themselves. 

2. Objectives and outline 

The aim of this thesis is to define the preconditions and processes leading to the formation 

of Mn oxide rock coatings (hereafter referred to as the Ytterby black substance, YBS) with 

associated trace metals in the Ytterby mine. Particular focus will be given to microbial 

involvement, and the potentially promoting role of biofilms, in the formation of these Mn 

oxides. In order to achieve this goal, the association between microbes and mineral products 

in the natural environment is studied combined with analyses of Mn phases produced in vitro 

by microbes isolated from this system. Four main questions have guided the approaches used 

in this work (Q2, Q3 and Q4 are formulated knowing the elemental composition of the 

YBS): 

Q1: What is the composition of the Ytterby Black substance (YBS) and how is it 

related to the underlying bedrock and fracture water feeding the deposit? 

Q2: What groups of microorganisms inhabit the subsystems of the Mn oxide 

producing ecosystem (fracture water, YBS biofilm and bubble biofilm): are they 

involved in the formation of the birnessite-type Mn oxides and is it possible within 

these populations to identify Mn oxidizers?  
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Q3: How are the YREEs associated with the main component of the YBS, the 

birnessite-type Mn oxides? 

Q4: How can the Ytterby birnessite formation process best be described in terms of 

interactions between microbial inhabitants, current environmental conditions, and 

mineral characteristics?  

Outline 

This thesis first provides background on Mn oxidation, Mn oxide mineralizations and their 

association with trace metals. Emphasis is laid on mineralization processes that occur in 

close interaction with organic matter (microorganisms and extracellular organic matter). 

Within this context, the four listed research papers (paper I-IV) are summarized and put in 

perspective. In paper I, results on bulk composition, structure and origin of the recently 

found YBS (Sjöberg, 2014) were confirmed by repeated elemental, phase, spectroscopic and 

organic fraction analyses. A sequential extraction provided information on the nature of the 

YREE association with the birnessite-type Mn oxides. Elemental analysis and dissolved 

organic carbon (DOC) analysis were conducted for groundwater in the mine surroundings, 

including the fracture water (Q1 and Q3, main topic of paper I). In Paper II, a molecular 

phylogenetic approach was used to characterize the microbial communities and to identify 

potential Mn oxidizers (Q2, main topic of paper II). Paper III investigated microbial niche 

differentiation to provide insight into how different subsystems of this ecosystem (fracture 

water, YBS biofilm and a bubble biofilm) interact with each other to form the birnessite. 

Enrichment and isolation of microorganisms from the studied Mn oxide producing ecosystem 

was used to study the relationship between microorganisms, extracellular organic matter 

(EOM) and mineral products. This included a microstructural characterization of initial Mn 

oxide precipitates and organic products using high pressure cryo-fixation followed by high 

resolution transmission electron microscopy (TEM) (Q2 and Q4, paper III). To visualize in 

situ formation and development of biofilms, monitoring of the Mn deposit was done using a 

time lapse camera over one year. In paper IV the exchangeability of metals associated with 

the YBS was studied. 
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3. Manganese in the biogeosphere 

To address key questions in microbe-mineral interactions it is fundamental to understand 

the major components of the system (Fig. 1). Environmental conditions set the stage for 

community composition and development as well as affecting the type and rate of 

metabolic activities. In return, active microbial communities create new local environmental 

conditions that may select for specific microorganisms and induce concentration of 

elements and precipitation/dissolution of minerals. The microenvironment can also 

influence both the metabolic efficiency on product formation and the stability of the 

mineral. In addition, microbial metabolites can strongly influence the mineralogy and 

morphology of the mineral product (active and passive organomineralizaton). The 

following section gives a short introduction into these components and related topics, 

associated to the Mn oxidative cycle and Mn oxide mineralizations. 

 

Fig. 1. To understand the formation of microbially mediated Mn oxides it is fundamental to gather 

information about the four main components of the system: the microbial populations (who is here?), the 

metabolic processes (who is doing what?), the mineral and organic products (what are the results?) and finally 

the environmental conditions (How do the microbes interact with the environment?).  

3.1  Occurrence 

Mn concentrations in the Earth’s crust is on average 0.1% (Turekian, 1961) but its 

distribution is heterogeneous. It is the 10
th

 most abundant element and the 2
nd

 most common 

transition metal (Nealson et al., 1988; Post, 1999). Average Mn concentration in freshwater 

is estimated at 8 µg/kg and in marine waters 0.2 µg/kg (Bowen, 1979). Substantially higher 

concentrations can be found near hydrothermal vents and midocean spreading ridges 

(Ehrlich and Newman, 2009). Important deposits of Mn are mainly found as secondary 
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precipitates of carbonates, oxides and silicates (Ehrlich and Newman, 2009). As a minor 

constituent, Mn exists in primary igneous minerals such as pyroxenes, amphiboles and 

biotite (Kretz, 1960). 

Mn oxides occur in a wide range of deposits in nature, either as coatings on rocks, sediment 

and soil particles or as discrete particles (Tebo et al., 1997; Post, 1999). Typically, such 

accumulations occur at spheric interphases (lithosphere-hydrosphere-atmosphere-biosphere) 

(Post, 1999).  For instance, as Mn nodules covering large areas of the ocean floor (Koschinsky 

and Hein, 2017), as enrichments within certain soil and sediment horizons (Ingri and Pontér, 

1986), as hardened terrestrial (Northup et al., 2010) and submarine rock coatings  (Koschinsky 

and Hein, 2017), as cave or tunnel deposits (Spilde et al., 2005) and even as fracture fillings 

and veneers on Mars (Lanza et al., 2016; Arvidson et al., 2016). Mn oxide accumualtions 

often occur together with Fe oxides, but occasionally the two transition elements are found 

sequestrated in separate depositional environments.  

Mn oxides produced by microorganisms are commonly amorphous and often occur as 

poorly crystalline deposits. In vitro experiments have shown that the initial Mn oxide phase 

produced by bacteria and fungi commonly are poorly crystalline hexagonal birnessite-like 

phyllomanganates (Villalobos et al., 2003; Bargar et al., 2005; Villalobos et al., 2006; Santelli 

et al., 2011; Yu et al., 2012).  Previous studies of three different species of Mn oxidizing 

bacteria have reported that precipitates are located either on the outer membrane of 

Pseudomonas putida strain MnB1 and GB-1 (Caspi 1996; Caspi et al., 1998; De Vrind et al., 

2003), on the extracellular sheath of Lepthothrix discophora SS-1 (Van Veen et al., 1978; 

Brouwers et al., 2000) or on the outermost layer of the spore of Bacillus sp strain AG-1 (see 

ref in Tebo et al., 2004). Bacteria commonly become encrusted in Mn oxides during the 

stationary phase or after sporulation (Tebo et al., 2004). 

3.2  Chemistry and speciation 

Manganese occurs in three oxidation states in nature: Mn(II), Mn(III) and Mn(IV) and 

speciation is largely controlled by prevailing redox conditions (Nealson et al., 1988). Only 

Mn(II) exist as free ions in solutions (Ehrlich and Newman, 2009). Free ions of Mn(III) in 

solution are unstable and disproportionates into Mn(II) and Mn(IV): 2Mn
3+

 + 2H2O ↔ Mn
2+

 

+ MnO2 + 4H
+
 (Tebo et al., 2004; Tebo et al., 2007; Ehrlich and Newman, 2009). However, 

in certain soluble organic complexes (see references in Tebo et al., 2004; Ehrlich and 
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Newman, 2009) or as a constituent in Mn rich minerals (Lanson et al., 2002) it stabilizes and 

remains longer. Recent studies have shown that highly reactive intermediates (e.g. Mn(III)) are 

important in biogeochemical cycles and in mineralization of metals (Hansel et al., 2015). 

However, many mechanisms in which these short-lived species participate still remain 

unknown due to the inherent difficulty to measure them. The more oxidative states of Mn (III 

and IV) are strong oxidizing agents that can effectively break down recalcitrant organic matter 

into more bioavailable low molecular weight organic molecules (Sunda and Kieber, 1994; 

Hansel and Learman, 2016).  

Mn would exist predominantly as Mn(II) in anaerobic groundwaters, in the absence of high 

levels of complexing agents, (e.g. carbonate, sulfate, organic hydrophilic acids). Hydrolysis, 

leading to the formation of the (1,1) complex MnOH
+
, requires a pH above 7.5-8. 

Dominating Mn hydroxide in solution would be the (2,3) complex Mn2(OH)3
+
 at pH above 

9, but also formation of the neutral (1,2) complex Mn(OH)2(s) would start, and in most 

waters also MnCO3(s) at pH 8-9. Also minor fractions of the complexes MnSO4 and 

MnHCO3
+
 can be expected at near neutral pH or below in most groundwater environments. 

Metal cations can exist as soluble precursors to solid hydroxide and oxide phases. For Mn 

these could be soluble or sparingly solid colloidal hydroxide species such as Mn(OH)3 or 

Mn(OH)4. Changes in redox conditions can lead to formation of stationary solid phases 

(MnO2) with associated trace metals, or to reduction and dissolution of solid oxides-

hydroxides leading to mobilization of the associated elements. Solid oxides-hydroxides of 

Mn(III/IV) can also act as carriers of particularly hydrolysable transitions elements (e.g. Cu, 

Zn, Cd, Pb).  

3.3  Characteristics of manganese oxides 

Mn(IV) is the primary oxidation state in Mn oxides, but typically these minerals incorporate 

Mn of different ionic charge  in variable amounts in response to environmental conditions 

(Bargar et al., 2005; Webb et al., 2005b; Hansel and Francis, 2006). Mn oxides may contain 

charge balancng cations and it is argued that the type of interlayer cation (i.e. Na or Ca), 

largely affects differences in layer symmetry and average Mn oxidation state (experiments 

conducted on biooxides) (Tebo et al., 1997; Bargar et al., 2005; Webb et al., 2005b). Since 

availability of cations mainly is dependent on the solution chemistry from which the oxides 

precipitate, local variations may be important controls on Mn speciation. 
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Mn oxides may carry a negative charge and therefore readily attract other available cations. It 

is argued that the negative charge in biologically mediated mineral products results from 

frequently occurring cation vacancy defects in the crystal lattice and from unsaturated oxygen 

atoms at layer edges (Villalobos et al., 2003, 2006; Spiro et al., 2008). In abiotic Mn oxides 

the negative charge is stated to result from a Mn(IV)/Mn(III) exchange (Kim et al., 2011; 

Villalobos et al., 2003). Mn oxides also have high specific surface areas and reactivity 

readiness which enhances their ability to sorb metals in solution (Nelson et al., 1999; Kay et 

al., 2001; Toner et al., 2006; Takahashi et al., 2007; Peña et al., 2010). The high surface 

reactivity of microbially mediated birnessite is attributed to its structure (Yu et al., 2012).  

3.4 Redox processes 

3.4.1  Abiotic oxidation  

Oxidation of Mn(II) to Mn(IV) via a one-step transfer of two electrons is thermodynamically 

viable with a negative free energy of -16.31 kcal/mol (Ehrlich, 1978). However, experiments 

have shown that this reaction pathway proceeds via two one electron transfers via a Mn(III) 

intermediate (Murray et al., 1985; Ehrlich, 2002; Morgan, 2005; Luther, 2010; Hansel and 

Learman, 2016). The first of these electron transfers is the rate limiting step and a barrier to 

reactivity (Morgan, 2005; Luther, 2010). Oxidation of Mn(II) in solution by O2 can occur at 

pH 7-8 and higher, but the reaction rate is slow (Morgan, 2005; Luther, 2010). Diem and 

Stumm (1984) reported that dissolved Mn(II) was not oxidized by soluble O2 at pH 8.4, not 

even after seven years. The reaction is however strongly pH dependent and the removal rate 

of Mn(II) from solution is substantially higher at pH above 9 (Ehrlich, 1978; Nealson et al., 

1988; Stumm and Morgan, 1996; Tebo et al., 2004; Morgan, 2005; Luther, 2010). Half-lives 

of Mn(II) was shown decrease from 350 days at pH 8 to only 1 day at pH 9.3 (Morgan, 2005). 

Below pH 8, the reaction requires energy (Hansel and Learman, 2016). When the formation of 

an intermediate (eg. Mn(III)) is inhibited, an alternative pathway has to be found in order for 

the full reaction to proceed (Luther, 2010). This new pathway could involve other reactants 

(e.g. enzymes) which could be produced through microbial activity (Luther, 2010).  

As opposed to Mn(II) to Mn(III) oxidation by O2 in solution, oxidation of dissolved Mn(II) 

by superoxide (O2
֗ -
) or hydroxyl radicals (OH 

֗ 
) is favorable across the whole pH range and 

by hydrogen peroxide from pH around 4 (Luther, 2010). These reactive oxygen species 

(ROS) are mainly generated as standard metabolic by-products during cell respiration but 
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also as intermediates in metal catalyzed oxidation reactions. Such reactive oxygen species 

have close to no thermodynamic reactivity barrier (Luther, 2010).  

Mn(II) oxidation can also be catalyzed by Mn oxides, so called autocatalytic oxidation 

(Ehrlich, 2002). Mn(II) oxidation by O2 is accelerated when Mn(II) is prebound (e.g. through 

adsorption) to a substrate such as MnO2 or other metal oxide surfaces (Wilson, 1980; 

Morgan, 2005). Mn(II) half-lives in different settings are 400 days for oxidation with 

soluble O2, 30 days for autocatalytic oxidation, and only 10 hours for bacterially mediated 

oxidation (Morgan, 2005). A substantial number of scientific reports thus argue that the 

majority of Mn accumulations in nature are biologically mediated (Tebo et al, 2004). 

3.4.2  Microbially mediated oxidation  

It becomes increasingly clear that the ability of mediating Mn oxidation is widespread 

among diverse groups of bacteria and fungi but the pathways and physiological reasons for 

doing so are still not clear (Tebo et al., 2004). Mn oxidizing archaea have not yet been 

identified. Microbial Mn oxidation which involves enzymes that bind directly to Mn II/III 

(direct Mn oxidation) is so far known to require either multicopper oxidases (MCOs) (Dick et 

al., 2008; Geszvain et al., 2013), heme peroxidases or a combination of both (Anderson et al., 

2009; Nakama et al., 2014; Romano et al., 2017). The MCOs use molecular oxygen (O2) as 

substrate for Mn oxidation while the heme peroxidase-like enzymes use hydrogen peroxide 

(H2O2) (Nakama et al., 2014). These enzymes catalyze oxidation of Mn using two one electron 

transfers, Mn(II) to Mn(III) to Mn(IV (Webb et al., 2005a; Anderson et al., 2009). The MCOs 

are capable of doing both steps, from Mn(II) to Mn(III) to Mn(IV) but the heme peroxidases 

only do the first step, from Mn(II) to Mn(III) (Webb et al., 2005a; Nakama et al., 2014).  

Mn precipitates are mainly found extracellularly (De Vrind et al., 2003) and in the case of 

enzymes being involved in the Mn oxidation process, these are thought to be located at the 

outer parts of the cell (outer membrane or sheath) (De Vrind et al., 2003; Emerson and 

Ghiorse, 1993; Okazaki et al., 1997), in double layered membrane vesicles in the outer 

membrane (Larsen et al., 1999), or as components of the outermost layer of spores (Francis 

and Tebo, 1999; Francis et al., 2002; Nealson and Tebo, 1980).  

The reaction barrier between the Mn(II) and Mn(III) transfer could theoretically be 

exploited by microorganisms. The reduction potential for the first step, Mn(II) to Mn(III), is 

however too high (0.84 V) to allow for energy conservation (ATP synthesis) coupled to 
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electron transport in an oxygen based respiratory chain (Ehrlich, 2002; Ehrlich and Newman, 

2009; Hansel and Learman, 2016). The enzymes known today are simply not capable of 

handling such high reduction potential. The reduction potential for the second step, Mn(III) 

to Mn(IV), is considerably smaller (0.08 V) and could thus permit entry of the electron into 

the electron transport chain in the plasma membrane at the level of a cytochrome bc1 

complex (Ehrlich and Newman, 2009). This reaction pathway can therefore, at least 

theoretically, be used for energy conservation (Ehrlich and Salerno, 1990; Ehrlich, 2002; 

Ehrlich and Newman, 2009; Hansel and Learman, 2016).  

Enzymatic Mn oxidation is not energetically favorable at pH levels below 7, as opposed to 

enzymatic Fe(II) oxidation which mainly proceeds in environments containing low oxygen 

concentrations (Hallberg and Broman, 2018) and/or in air-saturated or closely air-saturated 

environments where pH is acidic (Ehrlich, 1978; Ehrlich and Newman, 2009). The standard 

free energy change associated with Mn(II) oxidation with oxygen as electron acceptor, in 

contrast to Fe(II) oxidation, decreases as pH decreases until it finally becomes positive at 

pH 1 (Ehrlich, 1978; Ehrlich and Newman, 2009). What is beneficial for Fe(II) oxidizing 

bacteria is thus not true for Mn oxidizing bacteria. 

There are also indirect pathways in which microbially produced reactive oxygen species 

evoke Mn oxidation (Learman et al., 2011; Andeer et al., 2015). Reactive oxygen species 

(ROS) are standard metabolic byproducts in living cells and do not necessarily have to be 

harmful to an organism. Certain factors may however trigger abnormal concentrations of such 

free radicals, causing oxidative stress in the direct neighborhood of the cell. The presence of 

high concentrations of these ROS may thus trigger transformation of Mn(II) to sparingly 

soluble Mn oxides. As mentioned in section 3.4.1, oxidation of Mn(II) using superoxide or 

the hydroxyl radical as electron acceptor is favorable across the whole pH range and by 

hydrogen peroxide from pH around 4 (Luther, 2010). In these reactions Mn(II)/(III) serve as 

a reducing agent for reactive oxygen species (ROS)  and thus have a cell protective role as 

antioxidants.  

It is further demonstrated that bacterial heme peroxidases not only directly oxidize Mn but 

also indirectly via enzymatic superoxide production in a Roseobacter species (Andeer et al., 

2015; Learman et al., 2011). These experiments further showed that Mn oxidation induced 

by these metabolically produced ROS was inhibited by the presence of superoxide 

scavenging enzymes, i.e. superoxide dismutases (SODs) (Learman et al., 2011). These 
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SODs, a group of metalloenzymes, have the ability to convert superoxide (O2
-
) to molecular 

oxygen (O2) and hydrogen peroxide (H2O2) to water (H2O) as a cellular defense mechanism 

against reactive oxygen species (Miller, 2012). Microbes that require oxygen for survival 

synthesize ATP (energy conservation) through release of energy stored in the electron 

transport chain in which oxygen is the final electron acceptor (respiration). These aerobes 

have enzymes such as superoxide dismutase (SOD) or catalase to degrade reactive oxygen 

species that are harmful (toxic) to the organism.  

So, in spite of its central function in Mn cycling, superoxide production alone is not a 

guarantee for an organism to be involved in Mn oxidation (Andeer et al., 2015) and neither 

is the presence of MCOs and/or heme peroxidases. So far, all known Mn oxidizers are 

heterotrophs that do not oxidize Mn for generation of energy (Hansel and Learman, 2016). 

The question why microbes enzymatically oxidize Mn(II), directly and indirectly, thus 

remains (Ghiorse, 1984; Tebo et al., 2004; Nealson, 2006; Tebo et al., 2010; Hansel and 

Learman, 2016). Suggested reasons as to why microorganisms oxidize Mn can be sorted into 

at least three different categories: 

(1) The organism benefits from the Mn oxidation process 

 Antioxidant: Use of Mn(II) as an electron donor in superoxide radical reductions, thus 

removing harmful reactive oxygen species (ROS) from the cell (Ghiorse, 1984).  

 Energy conservation: Suggested, but not established, use of Mn(II/III) oxidation for 

energy conservation (ATP synthesis) (Ehrlich, 1983; Ehrlich and Salerno, 1990; 

Falamin and Pinevich, 2006). 

 (2) The organism benefits from using Mn oxides as oxidizing agents  

 Degradation of recalcitrant carbon: Mn oxides are able to oxidize complex organic 

molecules into bioavailable low molecular weight compounds (Sunda and Kieber 

1994; Hansel and Learman 2016). Thus, by producing Mn oxides, microorganisms 

benefit indirectly by increasing the amount of carbon available for growth. 

(3) The organism benefits from the mineral product, i.e. the Mn oxide  

 Protection: It has been argued that bacteria protect themselves from the toxicity of 

heavy metals by extracellularly precipitating Mn species. Toxic metals, including 
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Mn(II), sorb to the produced Mn oxides and thus become neutralized, providing a 

selective advantage to such organisms in metal rich or contaminated areas (Akob et 

al., 2014). It has also been suggested that bacteria used to precipitate Mn oxides on 

their cell surfaces to get protection from intense UV radiation on the early Earth 

(Nealson et al., 1988). 

 Energy storage: Mn oxides could be used as temporary storage for electron acceptors 

to be used under anaerobic conditions (e.g. intermediate species such as Mn(III) 

(Tebo, 1983; Tebo et al., 1997; Hansel and Learman, 2016). ). In other words, they are 

used as microbial batteries. 

3.5  Biominerals and biofilms 

In the search for signs of life on Earth and beyond, the best evidence for a biological origin 

is the finding of a mineral which has a unique and recognizable link to an organism. These 

inorganic compounds are referred to as biominerals and are organized in a recognizable 

manner as a result of biologically controlled mineralization processes (e.g., exo- and 

endoskeleton) (Mann, 2001). The organism thus specifically regulates the formation of the 

mineral to make it serve a particular physiological purpose from which the organism can 

benefit (Perry et al., 2007). The resultant organism-specific skeletons which continuously 

consist of the same mineralogy and the same crystal shape can thus be considered direct 

proofs of life (Mann, 2001; Perry et al., 2007). Biominerals can form within the cells 

(intracellular) or outside the cell walls (extracellular) (Templeton and Benzerara, 2015). 

However, there are also minerals that are not the result of biologically controlled processes 

but still form in close association to organic matter and thus are largely influenced by 

biological activity. These organominerals do not provide an indisputable link to life, they 

merely indicate that nucleation and/or growth occurred in association with organic matter 

(Perry et al., 2007). Microbes can either actively induce or passively influence the formation 

of organominerals. Actively induced organomineralization involves metabolic processes that 

modify the microenvironment in a direction favorable for mineral precipitation, and 

passively influenced organomineralization relates to environmentally driven mineralization 

(e.g. through degassing or desiccation) which takes place in an organic matrix (Dupraz et al., 

2009). Organisms do not make organominerals to serve specific physiological purposes; the 

minerals themselves do not necessarily provide a benefit to the organism (Perry et al., 2007). 

An example of such biologically induced organomineralization is oxidation of Mn(II) with 
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metabolically produced superoxide: in this case the resultant Mn oxide mineral does not form 

if the organism does not produce the metabolite. 

It is clear that Mn cycling cannot be seen independent from microbial ecology, and much 

microbial life occurs in biofilms. There is not one common accepted definition of biofilms, 

but they all describe aggregates of cells embedded in a self-produced adhesive extracellular 

organic matrix attached to a solid substrate (Harrison et al., 2007; Carlson et al., 2017). 

Biofilm formation is sequential and follows in principal three different stages: attachment, 

growth and detachment. Planktonic cells attach to a solid substrate where they start to 

produce a slimy mucilaginous substance, referred to as extracellular polymeric substances 

(EPS) (Carlson et al., 2017). EPS is mainly dominated by polysaccharides, but also contains 

proteins, lipids, humic acids and even and extracellular DNA (Pamp et al., 2007; Flemming 

and Wingender, 2010). Cells gradually accumulate and become stabilized by the EPS 

(Carlson et al., 2017; Wu et al., 2017). With time biofilm communities propagate by 

detachment of cell aggregates of varying size. Released microbial groups continue to a new 

surface where a new biofilm is created or to an already existing biofilm (Center for biofilm 

engineering website, 2019).  

Although biofilms can be formed by one or few bacterial species, they typically consist of 

complex polymicrobial populations showing a complex trophic structure as a function of 

their source of energy, source of electrons and source of carbon. Phototrophs use solar 

energy to acquire energy while chemotrophs obtain energy generated by the oxidation of 

either organic (chemoorganotrophs) or inorganic (chemolithotrophs) electron donors. 

Autotrophs are at the primary level in the food chain and are thus self-sustaining while 

heterotrophs need the organic matter produced by other organisms to grow. 

Chemolithoautotrophic bacteria use the energy stored in chemical bonds of for example 

hydrogen sulfide or ferrous iron minerals to produce glucose from dissolved CO2 and H2O. 

A chemoheterotroph on the other hand cannot fix CO2 and thus needs preformed organic 

matter. The composition of the biofilm forming microbial functional groups varies as 

function of a variety of factors, with one of the more important being the chemistry of the 

solution in which the biofilm forms.  

Microbial biofilms compared to planktonic cells (free floating) are argued to be more 

efficient when it comes to nutrient trapping in oligotrophic environments, access to terminal 

electron acceptors, resistance or tolerance to environmental stressors (e.g. metal toxicity 
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and antibiotics), exchange of genetic material and so forth (Molin and Tolker-Nielsen, 

2003; Harrison et al., 2007; Flemming and Wingender, 2010; Rendueles and Ghigo, 2015). 

These biofilm efficiencies are partly due to the encapsulating organic matrix’s ability to 

restrict cell mobility and metabolite diffusion (Gerlach and Cunningham, 2011). The 

concentration of cells and metabolites allow the main microbial functional groups in the 

biofilm to react rapidly and in close proximity. Biofilms are thus characterized by high 

metabolic rates and a quick turnover of organic matter and fast cycling of elements in mm 

thick environments (Dupraz et al., 2009). Due to this complex coexistence of various and 

highly dynamic metabolisms in a very small volume, a microbial biofilm is considered an 

‘ecosystem in the hand’, allowing testing of complex ecological theories in situ and in 

laboratory. Biofilms are very resilient ecosystems that have been successful for more than 3 

billion years.  

Biofilms are observed to tolerate antibiotics in concentrations that are up to 1000 times higher 

than concentrations that are lethal for planktonic cells (Center for biofilm engineering 

website, 2019). A proposed explanation for this type of resistance or tolerance (e.g. to 

antibiotics and heavy metals) is the commonly large number of cell types in biofilms, the 

close proximity of cells, tight metabolic coupling and formation of consortia that could help 

the indirect activation of shared genetic and biochemical pathways used in resistance to toxic 

metals (Harrison et al., 2007 and references therein). Chemical signals produced by 

planktonic cells are not concentrated enough to cause changes in genetic activation. In 

biofilms, however, the extracellular organic matter surrounding the cells allows the excreted 

signal substances to accumulate and reach critical concentrations needed for a change in 

genetic expression. Microorganisms can also interpret this critical concentration of a signal 

substance as a critical number of cells in the microbial population, i.e. quorum sensing, 

potentially allowing functional coordination (Decho et al., 2010; Center for biofilm 

engineering website, 2019). 

From a microbial perspective, there are two main strategies for dealing with positive 

(essential micronutrients) and negative (metal toxicity) impacts of metals in their living 

environment: either by uptake into the cell (bio-accumulation) or by extracellular 

neutralization (Kothe et al., 2005; Haferburg and Kothe, 2010; Fein, 2017; Lorentz et al., 

2012). These processes include formation of non-toxic compounds through chelation and 

subsequent sequestration inside the cell, adsorption to the cell wall, binding within 

extracellular organic matter, and/or organomineralization (Silver and Phung, 1996; Kothe et 
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al., 2005; Pedersen, 2005; Dupraz et al., 2009; Haferburg and Kothe, 2010; Lorentz et al., 

2012).  

Negatively charged organic matter (cells and extracellular organic matter) has been shown 

to scavenge and bind aquatic Mn(II/III), favoring formation of Mn oxides. A study on 

mineral formation by epilithic biofilms demonstrated that sorption of positively charged ions 

in solution to the negatively charged functional groups on the cell wall or acidic 

polysaccharides is an important factor for mineralization within the biofilm, independent of 

substrate lithology. It was further argued that the adsorbed metals constitute nucleation sites 

for further mineralization (Konhauser et al., 1994).  

4. Rare earth elements in the biogeosphere 

Rare earth elements (REE) comprise the 15 elements in the lanthanide series, and are 

commonly grouped into light REEs (LREE; La-Nd), middle REEs (MREE; Sm-Dy) and 

heavy REEs (HREE; Ho-Lu). Prometium is not included owing to missing stable isotopes. 

The REEs in group III B in the periodic table, as well as yttrium (Y) in the same group, 

show similar geochemical behavior (Rollinson, 2013) and commonly occur as trivalent ions 

in nature (Leybourne and Johannesson, 2008). The exception is cerium (Ce) which also 

occurs in its oxidized state (IV) and europium (Eu) which also occurs in its reduced state 

(II). Subtle differences between the elements may result in deviations from group behavior 

causing fractionation of one REE relative the other elements in the series. These predictable 

fractionation patterns in combination with systematic group responses to certain processes 

are used to identify and gain knowledge about environmental processes (Leybourne and 

Johannesson, 2008; Rollinson, 2013).  

The average REE concentration in bulk continental crust is approximately 125 ppm 

(Rudnick and Gao, 2004). Enrichments form as a result of high temperature igneous and 

hydrothermal processes (primary accumulations) as well as low temperature weathering and 

erosion of primary rocks (secondary accumulations) (Goodenough et al., 2016). The 

redistribution and mobility of REEs is largely controlled by complexation with both organic 

and inorganic compounds (Davranche et al., 2008; Ohta and Kawabe, 2001; Tanaka et al., 

2010; Ohnuki et al., 2015). The presence of any such complex thus affects the partitioning of 

REEs between solids and solutions. Sequestration of REEs and other metals in naturally 

occurring Mn oxides is a well-established phenomenon (Kolarik 1962; Piper 1974; Elderfield 
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et al., 1981; Ingri and Pontér, 1987; Kasten et al., 1998; Leybourne and Johannesson, 2008). 

Experiments show that YREE immobilization by co-precipitation and/or adsorption onto Mn 

oxides is a reversible pH-dependent adsorption process (Ohta and Kawabe, 2001; Davranche 

et al., 2008; Tanaka et al., 2010; Pourret and Davranche, 2013; Yu et al., 2016).  

5. The Ytterby site 

The Ytterby mine is located along the Baltic Sea coastline in the Stockholm archipelago, 

Sweden (Fig. 2). The former quartz and feldspars mine, which dates back to the 1750s 

(Nordenskjöld, 1904; Lööf, 1981), is also the type locality for scandium, yttrium, tantalum 

and five of the rare earth elements (REE). The Ytterby pegmatite, i.e. the mined rock, 

belongs to a family of pegmatites that is enriched  in niobium (Nb), yttrium (Y), fluorine (F), 

heavy rare earth elements (HREE), beryllium (Be), titanium (Ti), scandium (Sc) and 

zirkonium (Zr) (Lindström et al., 2000; Černý and Ercit, 2005; London, 2008). It is further 

classified as a REE type and a gadolinite subtype (Černý, 1992; Nordenskjöld, 1910). 

Among the YREE containing minerals hosted by the Ytterby pegmatite are gadolinite, 

yttrotantalite, fergusonite, anderbergite and xenotime (Nordenskjöld, 1904, 1910; Sundius, 

1948). These mineralizations were mainly observed at a depth of 25 m below ground surface 

and to a lesser extent at 50 m below ground surface (Almström, 1925). It is possible that the 

YREE mineralizations occur as local patches that may be associated with, or remobilized, by 

younger faults (Sjöberg, 2012). No Mn minerals are documented from the Ytterby pegmatite, 

but there are a number of minerals in which Mn could constitute a minor component. 

The rocks in this area belong to the Proterozoic Svecofennian domain which extends from 

the central and northern regions of Sweden to the western area of Finland and part of the 

Kola Peninsula in Russia. The main folding stage of the Svecocarelian orogeny occurred 

around 1850 m.y.ago (Lindström et al., 2000) and age determination of a nearby pegmatite 

indicates that the Ytterby pegmatite is 1795±2 Ma (Romer and Smeds, 1994), formed in a 

late- to post-orogenic setting (Lindström et al., 2000). The pegmatite is a 60° westerly 

inclined ore body trending NNE-SSW and bordering two rock types: amphiboites in the 

WNW hanging wall and gneiss in the SE foot wall (Sjöberg, 2012).  

In 1933 the mine closed down and at this time the shaft was brought down to a depth of 171 

m, corresponding to an elevation of -140 m (Nordenskjöld, 1904). In 1950s the mine 

reopened. This was the cold war era and the mine was used as a fuel deposit for the Swedish 
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Armed Forces. Three types of petroleum products were stored in the mine shaft over a 35-40 

year period which was brought to an end in 1995 (Sjöberg, 2012). In connection with the 

reopening, rocks were blasted away to give room for a tunnel system about 400 m long, 

linking the old shaft with a newly constructed quay to the NE of the quarry (Fig. 2D). These 

tunnels cut through granitic and mafic rocks of varying chemical composition and 

metamorphic grade.  

Recent investigations found that one of these tunnels hosts a YREE-enriched Mn oxide rock 

coating which hereafter will be referred to as the Ytterby black substance (YBS) (Sjöberg 

2012, 2014). The YBS precipitates from groundwater seeping from a rock fracture in the 

unsaturated zone of the tunnel section and occurs in association with a 2-3 mm thick 

underlying blanket of CaCO3 (Sjöberg 2014). The tunnel stretch is located in the shallow 

subsurface, 29 m below ground surface and 5 m above the Baltic Sea mean level. Several 

minor Mn accumulations are observed in the tunnel, but the investigated deposit is visibly the 

largest one, located at a distance of ca. 200 m from the mine shaft. Artificial lighting is used 

2-3 hrs/month during mine maintenance in the otherwise completely dark tunnel which 

holds a constant temperature of 8°C all year round. The maximum age of the YBS is 60-70 

years, given that sequestration started when the tunnel was constructed. The constantly 

dripping water provides the needed moist environment, elements and nutrients for two 

distinctively different biofilms to form: the Mn oxide producing biofilm (hereafter referred to 

as the YBS biofilm) and an associated gas trapping biofilm (hereafter referred to as the 

bubble biofilm). These biofilms constitute highly specific living environments to which only 

certain microbial groups are adapted.  
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Fig. 2. (A-D) Maps showing the location of the Ytterby mine and the Mn oxide producing ecosystem. 

Modified from paper I,II and III.  (A and B) Map of Sweden and the Stockholm area where the locations of 

Resarö and the Ytterby mine are indicated. Modified from Free Vector Maps.com, (March, 2016). (C) 

Geological map of Resarö. The Ytterby mine is located at the SE corner of the map and is marked with a red 

dot. The green band which extends WNW-ESE across the island is described by Sundius (1948) as gabbroic 

greenstone (mafic rocks of varying chemical composition and metamorphic grade). The adjacent rocks are 

described as various types of gneiss-granite. Modified from Sundius (1948). (D) Map of tunnels linking the 

Ytterby mine shaft with a more recently constructed quay to the NE, on the Baltic shoreline. The Mn oxides 

(referred to as the Ytterby black substance, YBS) precipitate from water provided by rock fractures that crop 

out in these tunnels. Modified from Swedish Fortifications Agency (2012). (E) Photograph of the Mn deposit 

(F) Close-up of bubble biofilm on YBS. (G) Sketch showing water sampling locations, underlying bedrock and 

lithified CaCO
3
 as well as the YBS and bubble biofilm.  



19 
 

6. Materials and methods  

The overall approach in this work has been to combine studies of the natural system with 

experimental work in the laboratory. YBS-rock-water interactions and mineral products of 

the Ytterby system were studied in combination with analyses of Mn phases produced in vitro 

by microbes isolated from this system. Figure 3 provides an overview of research methods 

used for each sample category. 

 

Fig. 3. Overview of research methods used for each sample category. 

6.1  Characterization of the Ytterby black substance (YBS)  

Repeated elemental analyses involving different drying and rinsing procedures were 

conducted on the YBS (collected at three different occasions over a four year period and 

analyzed by three different laboratories), establishing the elemental composition and the 

unusually high concentrations of the YREEs. The preparatory procedures involved to (1) dry 
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sample at 60°C until constant weight, (2) rinse sample in Milli-Q, clear from visible particles 

resulting from disintegrated bedrock and dry at 60°C until constant weight. (3) dry sample at 

room temperature (due to the hygroscopic nature of the YBS it was not possible to obtain a 

constant weight). Elemental analyses were also conducted on samples subjected to metal 

exchangeability experiments (paper IV). The mineralogy of the YBS was established using 

X-ray powder diffraction (XRD) and diffraction peaks were determined using PANalytical 

High Score Plus software connected to the Inorganic Crystal Database (ICSD). The detailed 

composition of the Ytterby birnessite, including the Mn(III)/Mn(IV) ratio,  was assessed 

from calculations based on the distribution of the quantified  elements  leading to charge 

neutrality. 

Scanning electron microscopy analyses were carried out using a Quanta environmental 

scanning electron microscope (ESEM) with a field emission gun (FEG 650). Low pressure 

ESEM in the range 6 x 10
-1

 to 7 x 10
-1

 mbar was used to reduce charging when imaging 

uncoated thin sections and air dried YBS. Backscattered electrons were detected and imaged 

using a large field detector (LFD) and a circular backscatter detector (CBS), providing 

information on elemental composition through image contrast. An energy dispersive X-ray 

spectrometer (EDS) was used with the ESEM for compositional data. Infrared (IR) 

spectroscopy provided structural information about the components in the YBS while the 

electron paramagnetic resonance (EPR) technique was used in an attempt to establish 

whether the Mn oxide precipitates are microbially mediated or purely abiotic (methods are 

described in detail in paper II). 

A sequential extraction was conducted to provide an indication of the YREE association 

with the Mn oxide matrix. Acidic leachates were used in the four-step procedure which 

targeted exchangeable, reducible, oxidizable and residual fractions. A single step method for 

extraction of humics (using an alkaline leachate) was also conducted (analytical procedures 

are described in detail in paper I). The exchangeability of metals associated with the YBS 

was studied by exposing washed natural YBS samples to 1 M solutions of Na, Ca, La, as 

well as Fe, at constant pH of 5.0-5.4 (Na, Ca, La) and 4.8 (Fe). The YBS samples were 

analyzed after exposure for 48 hrs and 20 d (paper IV). 
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6.2  Water and rock analyses  

Existing data of the water system were complemented with new analyses of major anions 

and cations, trace elements (including methods allowing for determination of the whole REE 

series) and DOC. Samples were collected from eight locations: (1) fracture water feeding the  

Mn oxide producing ecosystem (top water), (2) fracture water that has percolated through the 

YBS down the 1.5–2 m tall rock wall (bottom water), (3) fracture water feeding an adjacent 

moonmilk (CaCO
3
) deposit (for comparative purposes), (4) water from the mine shaft at 2-3 

m depth, (5-8) local groundwater from four boreholes opened in 2001 (see paper I for 

borehole locations). Four rock samples were collected from the two rocks that are in direct 

contact with the fracture as it intersects the tunnel: felsic rock at 1 cm and 15 cm distance 

from fracture and intermediate rock at 1 cm and 15 cm distance from the fracture (paper I; 

Sjöberg, 2014).  

6.3  Rare earth element patterns  

REE patterns were constructed based on elemental data, allowing analysis of YBS-rock-

water interactions. Bedrock and YBS values were normalized to REE concentrations in 

chondrite meteorites which are considered undifferentiated and representative of the early 

solar system. Positive and negative anomalies were calculated with normalized values as 

described in detail in paper I. Since REE patterns in water mainly are the result of element 

release from surrounding rocks, the REE concentrations in the fracture water were also 

normalized to mean REE concentrations in the rock samples and YBS. A comparison of 

total elemental concentrations in the YBS relative to the fracture water was also conducted. 

YBS metal sequestration was calculated as log of concentration in solid/concentration in 

solution, and expressed as an enrichment factor (ke). Ratios of element concentrations in 

bottom fracture water/top fracture water were also plotted to visualize elemental 

enrichment/depletion as the water travels down the rock wall, percolating through the YBS. 

6.4  Lipid analysis 

Extraction of lipids was conducted on the freeze dried and homogenized YBS material 

using ultrasonic solvent extraction. Samples were subsequently fractionated using a small 

silica gel column fraction A:1 (Hexane), A:2 (Hexane/DCM 1:1) and A:3 (DCM/MeOH 

1:1). The A:3 fraction was then methylated by heating the dried lipid extract with HCl and 

methanol (Ichihara and Fukubayashi, 2010) and derivatized using BSTFA and pyridine. 
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GCMS analyses were made using a Shimadzu GCMS QP2010 Ultra fitted with an AOC-

20i auto injector. Samples were separated over a Zebron ZB-5HT Inferno GC column (30 

m x 0.25 mm x 0.25 μm) by injecting split/splitless into the helium carrier gas. The GC run 

time was for 60 minutes starting at 60°C ramping to 180°C in 20°C min
-1

 steps, followed 

by a ramp of 4°C min
-1

 until 320°C where the temperature was held for 20 min. Peaks were 

background subtracted and identified by comparing to commercially available databases or 

published mass spectra.  

6.5  Microbial cultivation and isolation  

Samples for microbial isolations (YBS biofilm-fracture water and bubble biofilm-fracture 

water) were collected directly in a selective liquid culture medium (pH 6.8) composed to 

enrich and isolate Mn oxidizing microorganisms (as described in paper III). Mn oxidizing 

microorganisms were isolated from these suspensions and identified using next generation 

sequencing as described in detail in paper III. The source of dissolved Mn(II) was Mn sulfate 

(MnSO4). Liquid cultures were thereafter plated onto low nutrient agar plates, Reasoner’s 

2A, from Merck Millipore (Darmstadt, Germany) streaked with the Mn containing 

enrichment and/or isolation media. Cultures were grown covered with aluminum foil and 

placed at 8°C to mimic in situ environmental conditions. Mn oxidation (qualitative) was 

assessed using leucoberbelin blue (LBB) staining as described by Krumbein and Altmann 

(1973) and Tebo et al. (2007). Liquid cultures were filtered using Whatman grade GF/F 

borosilicate glass microfiber filters (GE Healthcare Life Sciences) and LBB solution was 

then added to the filters. On solid media Mn oxidation was tested by adding LBB solution 

directly on the colonies and associated precipitates. The Mn oxidizing cultures were selected 

for further analyses. Uninoculated plates were monitored for abiotic Mn precipitation. 

6.6  Microbial community composition  

Identification of isolated Mn oxidizing microorganisms as well as analyses of the in situ 

microbial community composition were conducted by sequencing the small subunit rRNA 

gene (16S rRNA gene in Bacteria and Archaea or 18S rRNA in Eukarya). Sequences that 

presented more than 97% similarity were clustered together as representative operational 

taxonomic units, OTUs. Two techniques were used: molecular cloning with Sanger 

sequencing (paper II) and amplicon (PCR products) sequencing with next generation 

sequencing (paper III). In addition, the abundance of bacterial and archaeal 16S rRNA genes 

in the YBS and fracture water was estimated using quantitative PCR (qPCR) with the primer 
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sets BACT1369f/BACT1492r (Suzuki et al., 2000) and ARC787f/ARC1059r (Yu et al., 

2005).  

For the cloning approach and quantitative analyses, YBS biofilm (n=2) and fracture water 

(n=2) samples were collected during winter and spring seasons in 2015. For the next 

generation sequencing, samples were collected from all subsystems (fracture water, YBS 

biofilm and bubble biofilm) of the studied Mn oxide producing ecosystem. This time the 

fracture water was sampled at two heights: (1) at the top of the rock wall where the water 

bearing fracture intersects the tunnel (i.e. water feeding the Mn deposit) and (2) at the bottom 

of the rock wall where the water has percolated through the YBS. Fracture water feeding an 

adjacent moonmilk deposit, i.e.  CaCO3 (located in the same tunnel, ca. 50 m apart) was also 

included for comparative purposes and to investigate whether differences in the microbiomes 

of the two waters is an explanatory factor for the different end products. A total of 17 samples 

were collected during this sampling campaign (water n=5; YBS n=7; bubble biofilm n=5). 

Water samples (160 mL) were collected and filtered through sterile 0.22 µm filters. All 

samples were kept frozen at -80°C until DNA was extracted (sampling procedures for the 

two approaches used are described in detail in paper II and III, respectively).  

Extraction, amplification, and cloning procedures used for the cloning approach are described 

in detail in paper II. The obtained sequences were compared with those available on NCBI 

BLAST network service (http://www.ncbi.nlm.nih.gov/BLAST) to determine their 

phylogenetic affiliations. Taxonomic classification and construction of phylogenetic trees 

were generated using a neighbor-joining tree building algorithm in the MEGA 7 Software. 

Sequences were deposited to GenBank nucleotide sequence databases under accession 

numbers MG657047 to MG657237.  

The second approach using a high throughput sequencing technique (Illumina Miseq) was 

adopted primarily to identify newly isolated organisms (paper III) but also to obtain 

significant data from all subsystems of the Mn oxide producing ecosystem (fracture water, 

YBS biofilm and the bubble biofilm). This technique provided a more comprehensive 

genomic coverage and had a greater sensitivity (compared to Sanger sequencing) to detect 

low frequency gene variants. Statistical analyses of microbial niche differentiation were 

conducted to provide insight into differences and interplay between these subsystems and 

how they may function in tandem to form the birnessite-type Mn oxides. In the Illumina 

approach a two-step PCR protocol targeting the small subunit rRNA gene not only in 
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bacteria and archaea but also in Eukarya (16S rRNA gene in Bacteria and Archaea or 18S 

rRNA in Eukarya) was conducted (details in paper III). Sequences were compared using the 

SILVA database (Pruesse, 2007) and the NCBI BLAST network service. Sequences were 

deposited in the NCBI GenBank database under accession numbers SAMN11898193 to 

SAMN11898242 (NCBI GenBank, 2019). 

Alpha (richness and evenness within samples) and beta diversity (between samples) metrics 

were calculated using QIIME2 (diversity core-metrics-phylogenetic command) with 

representative sequences for 16 natural samples (YBS biofilm, bubble biofilm and fracture 

water) and the maximum sampling depth for retention of all samples (--p-max-depth 1100). 

Principal coordinate analyses (PCoA) plots were estimated using Emperor for UniFrac 

metrics (Lozupone et al., 2006). Analyses of differential abundance of microbial taxa within 

the subsystems of the Mn oxide producing ecosystem were conducted using the gneiss 

method in QIIME2 (Morton et al., 2017). This method allows detection of niched microbial 

groups by comparing ratios of different taxa (or groups of taxa) (for example between 

samples or timepoints) rather than changes in relative abundances (proportions) of individual 

species (Morton et al., 2017).   

6.7  Imaging of isolated microbes and associated Mn precipitates 

Mn precipitates were collected from bacterial and fungal colonies grown on agar plates to 

investigate nucleation and initial growth steps. Samples were thus inherently a mixture of 

Mn precipitates and organic matter (cells and extracellular organic matter). Samples were 

prepared following a method of high pressure cryofixation (high-pressure freezing of 

samples followed by freeze substitution and embedding) using a Leica EM. Cryofixed 

samples were sectioned using a microtome, placed on grids and imaged using high 

resolution transmission electron microscopy (TEM) at Umeå core facility for Electron 

Microscopy, UCEM. Ultrathin (70 to 100 nm) sections were obtained using a diamond 

knife. Most of the larger Mn oxide crystals (5-50 µm) fell off during sectioning leaving 

behind imprints in which only small patches of the original precipitates were preserved. 

The prepared sample grids were also used for a structural characterization of the mineral 

phases produced in theses cultures. These analyses are only started but the long term goal is 

to see if different types of bacteria and fungi contribute to the precipitation of structurally 

different Mn oxides.  
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6.8  Field site monitoring (time lapse) and gas sampling  

In situ biofilm formation and development was monitored with use of a Brinno BCC200 

professional time lapse camera over one year. One image was taken every second hour and 

the videos are made up from 10 to 15 frames per second. Gas trapped by bubble biofilm was 

sampled from four locations: two samples of gas trapped by biofilm associated with the 

studied Mn oxide producing ecosystem and two samples of gas trapped by biofilm of 

different maturity covering initial Mn oxide precipitates located ca. 20 away in the same 

tunnel. For reference purposes, also the ambient tunnel air was sampled. A syringe with a 

needle was attached to one of the ports of a stopcock. With the port closed, the needle was 

inserted into the gas bubble. The gas was collected in the syringe and thereafter transferred 

into vials supplied by Microbial Analytics Sweden AB who also conducted the gas analyses 

as described in detail in paper III. 

7. Results and discussion 

7.1  Elemental composition and phase analysis  

The Ytterby black substance (YBS) is the result of biogeochemical reactions between the 

exposed bedrock and calcite surfaces, fracture water, tunnel atmosphere and the microbial 

inhabitants. This secondary precipitate is a mixture of constituents from disintegrated 

underlying bedrock and material deposition mainly from the fracture water. Organic matter 

constitutes ca. 2% of dried YBS. Elemental analyses show that the bulk composition is 

dominated by Mn (423-505 g/kg) as well as Ca (58-74 g/kg) and YREE (9.2-10.6 g/kg), and 

semi-quantitative energy dispersive spectroscopy (EDS) coupled to scanning electron 

microscopy (SEM) establish that the dominating microstructures in the YBS primarily 

consist of Mn and Ca in varying concentrations, besides oxygen. Phase analysis by X-ray 

powder diffraction (XRD) indicates that the dominating phase is a birnessite-type Mn 

oxide. A theoretical mineral formula based on these analyses was computed for the Ytterby 

birnessite as Mx(Mn
3+

,Mn
4+

)2O4•(H2O)n  with M = (Ca0,37-0,41YREE0.02 Mg0.04Other 

metals0.02-0.03), with [Mn3+]/[Mn4+] = 0.86-1.00 to achieve charge balance. 

7.2 YREE association with the birnessite phase 

7.2.1 Water-Rock-YBS interactions 

YREE concentrations in the YBS are one to two orders of magnitude higher compared to 

corresponding values for the adjacent bedrock. When bedrock and YBS values are normalized 
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to REE concentrations in chondrite meteorites (considered undifferentiated and representative 

of the early solar system) they both show light rare earth element (LREE)-enrichment. This 

LREE enrichment is also present when comparing REE concentrations in bedrock and YBS to 

that of fracture water. The YBS also has a strong positive Ce anomaly which likely result from 

co-precipitation of Ce with the Mn oxides. Positive Ce anomalies in solid phases coupled to 

Ce depletion of the ambient water is argued to result from a three-step process: 1) sorption of 

trivalent lanthanides from solution, 2) partial oxidation of Ce(III) to Ce(IV) and 3) less 

desorption of Ce(IV) relative to the other REEs (Bau, 1999; Bau and Koschinsky, 2009). 

A comparison of elemental concentrations in fracture water feeding the Mn oxide producing 

ecosystem (top water) to those of fracture water at the bottom of the rock wall (bottom water) 

clearly shows that YREEs become depleted (Fig. 4). Concentrations drop from 11 µg/L to 7 

µg/L as the water travels down the rock wall, percolating through the YBS. The same scenario 

goes for aqueous Mn which drops from 172 µg/L to 3 µg/L between the two sampling spots. 

This strong attenuation of aqueous Mn is coupled to enrichment of Mn oxides in the YBS 

biofilm, which in turn attracts other metals such as the YREEs. The lighter the REE is (less 

atomic mass), the stronger the depletion from top to bottom water. The ratio (bottom 

water/top water) goes from 0.45 for La, being the largest ion in the series (radius 103 pm) to 

0.86 for Lu (radius 86 pm) which indicates that the precipitating Mn oxides have a 

preference for the larger REE ions. This preference is also reflected in the higher enrichment 

factors (calculated as the log of concentration in the YBS/concentration in fracture water) for 

the trivalent REEs compared to the divalent Ca (radius 100 pm) and monovalent Na (radius 

102 pm) which commonly are the main components, except for Mn and O in birnessite. 
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Fig. 4. Elemental enrichment/depletion in Mn deposit fracture water (ratio bottom water/top water). The plot 

shows a strong attenuation of aqueous Mn and Ce, and that the lighter the REE is (less atomic mass), the 

stronger is the depletion from top to bottom water (except from Ce that is more depleted than La). Only 

elements above 200 mg/kg in the YBS are considered. 

 

Ionic radius and charge thus appear to be determining factors behind the affinity for the 

trivalent REEs, in particular the lighter ones, which have similar ionic radii as Na and Ca 

and thus fit well in the crystal lattice, all having an ionic radius around 1 Å (effective ionic 

radii for coordination number 6). This is not the case for Fe(III) and Al(III) which have high 

charge but considerably smaller ionic radii. With this in mind it is further possible that 

M(IV) is even more effective than the YREE(III) and that this may contribute to the 

considerably strong preference of Ce which could be present in its oxidized (IV) state.  

7.2.2  YREE adsorption vs. incorporation in the Ytterby birnessite 

The unusually high concentrations of YREEs in the YBS, coupled to the continuous 

depletion of these elements in the fracture water, brought about the question of how the 

YREEs are associated with the Mn oxide matrix. For these purposes, a sequential extraction 

was conducted. Results show that sodium (Na), magnesium (Mg), calcium (Ca) and 

strontium (Sr) to a great extent were released during the initial step (A1, exchangeable, pH 

4). These elements are thus loosely attached to the YBS as adsorbates or possibly present as 

carbonates and/or hydroxides (precipitates). The remaining fraction of these elements 

together with potassium (K) and barium (Ba) were released in the second (A2, reducible, pH 

5) and third step (A3, oxidizable, pH 2), which implies alteration or breakdown of the solid 
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matrix. These reactions may involve reducible and/or oxidizable compounds such as oxides, 

sulfides and various organic components. It is also possible that the exchangeable mono- and 

divalent elements (in the inner-sphere, beteween the Mn-O layers) can be replaced by H3O
+
 

that would balance the charge deficit. Aluminum (Al), vanadium (V), iron (Fe), copper (Cu) 

and zinc (Zn) were solubilized during the last step (A4, residual, conc. acid), which 

completely dissolves all matter but silicates. Most of the YREEs were released in the last 

step but also to some extent in A3, possibly in parallel with Mn. Mn was partially released in 

step A2, A3 and A4, which may indicate the presence of different mineral phases. A single 

step alkaline leaching showed that none of the metals are present as humic bound species.  

The association of Mn oxides with YREEs  is well documented and commonly described as 

a reversible pH-dependent sorption process (90% adsorption onto Mn oxides at pH above 7-

8 and adsorption less than 10-15% at pH below 5-6) (Ohta and Kawabe 2001; Davranche et 

al., 2008; Pourret and Davranche, 2013). Yet the YREEs in the YBS are not released by 

leaching even at pH as low as 1.5. Data thus suggest that the YREEs, which constitute 1% of 

the dry mass, neither adsorb on the Mn oxides nor on the organic matter (microbes and 

extracellular organic matter) but rather are strongly bound in inner-sphere positions to the 

birnessite structure. 

7.3  Microbial involvement in the birnessite formation  

Lipid analyses and electron paramagnetic resonance (EPR) spectroscopy provided strong 

indications of microbial involvement in the production of the birnessite-type Mn oxides. The 

molecular fragmentation patterns and recognizable mass spectra in the extracted lipids 

showed that the dominant compound class was a series of hopanoids. The majority of these 

peaks were identified as C31 to C35 extended side chain species of hopanes which is a group 

of biomarkers associated with bacterial presence in the depositional environment. The EPR 

data pointed toward a YBS composition that was composed of two or more Mn phases, one 

of which had a biological signature (paper I).  

The molecular phylogenetic analyses confirmed that extensive and complex microbial 

communities are associated with the Ytterby Mn oxide producing ecosystem and 

quantitative PCR data established that bacteria are dominant over archaea in both the YBS 

biofilm and the fracture water. The vast majority of cells are in the YBS biofilm and 

comparably very few cells in the fracture water (cell estimates are not done for the bubble 
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biofilm). Compared to other underground systems, the total number of 16S rRNA bacterial 

genes in the YBS (2 x 10
10

 to 7 x 10
10

 cells/g substance) is similar to a Mn oxide rich 

sample (1 x 10
10

 cells/g wet sample) and one to three orders of magnitude higher than cell 

densities reported for ferromanganese biofilms (7 x 10
7
 to 9 x 10

9
 cells/g wet sample) 

(Carmichael et al., 2013). The bacterial abundance in the Ytterby fracture water, on the 

order of 10
6
 cells per mL groundwater, is in the same range as similar granitic subterranean 

environments (10
3
 to 10

7
 cells/mL groundwater) (Pedersen, 1997).The corresponding 

values for archaea are in the range 6 x 10
8 

to 1 x 10
9 

cells per g YBS (depending on season), 

and 7 x 10
4 

to 2 x 10
5 

cells per mL groundwater. These numbers are comparable to, but still 

about an order of magnitude higher than, cave values (5 x 10
6 

to 1 x 10
8 

cells per g wet 

sample) reported by Carmichael et al., (2013). The planktonic population thus constitute a 

vanishingly small percentage of the total prokaryote abundance in the Mn oxide producing 

ecosystem. 

Each subsystem in the Mn oxide producing ecosystem (fracture water, YBS biofilm, and 

bubble biofilm) hosts its own specific microbial population but also share some high 

abundance groups of bacteria. These are clearly mixed-species biofilms but the bubble 

biofilm is substantially less so compared to the YBS biofilm. Nevskia belonging to the 

Solimonadaceae family within the Gammaproteobacteria dominate the bubble biofilm 

samples and the signature microbial groups of the YBS biofilm are Rhizobiales (e.g., 

Pedomicrobium), PLTA13 Gammaproteobacteria, Pirellulaceae, Blastocatellia and 

Nitrospira. The subsystem specific groups have convergently evolved to grow and thrive in 

their respective habitats, likely as a result of metabolic opportunities and physicochemical 

constraints. The signature microbial groups of the YBS biofilm are not detected in the top 

Mn water but rather emerge in the biofilm. This implies that the microbial groups in the 

water feeding the deposit have little influence on the derived biofilms. Results rather indicate 

that the YBS signature bacteria accumulate as a response to the water chemistry (Mn and 

YREE) and physicochemical constraints. It is however possible that the high microbial 

diversity in the fracture water increases chances of hosting microbes, even at very low levels, 

that are tailored to settle in the harsh YBS biofilm environment. 

A comparison between the planktonic population in fracture water feeding the Mn oxide 

producing ecosystem and the adjacent but physicochemically different deposit (a moonmilk 

deposit) revealed substantial differences concentrated within particular lineages. Results 
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also showed that the chemistry between these waters differs. The Mn concentration in the 

water feeding the YBS (172 µg/L) is considerably higher than that of the water feeding the 

adjacent moonmilk deposit (˂1 µg/L). The Mn deposit water has a sharp negative Mn 

concentration gradient between the top (172 µg/L) and bottom (3 µg/L) sample locations. 

This strong attenuation of aqueous Mn occurs over a short distance (1.5 to 2 m) and is 

coupled to enrichment of insoluble Mn oxides in the YBS biofilm, which in turn attracts 

other metals, notably YREEs. The YBS biofilm thus acts as a sink for Mn and YREEs in the 

Ytterby mine area and its niche specific microbial groups contribute to the progressive 

accumulation of metals (including Mn), thus having a critical control on the mineral 

product (birnessite-type Mn oxides).  

7.4  Manganese oxidizing taxa in the Ytterby deposit  

Two isolated bacterial species (Hydrogenophaga sp., Pedobacter sp.) and one fungus 

(Cladosporium sp.) had the ability to oxidize Mn(II) independent of other species (grown in 

the dark at a low temperature of 8°C). Mn oxidation was confirmed using the leucoberbeline 

(LBB) blue dye which is a reagent that reacts with Mn(III/IV). From the LBB test it also 

became clear that oxidized Mn was concentrated in the close proximity of the 

Hydrogenophaga sp. colonies (Fig. 5B) while being more spread out in the mucoid EOM 

produced by Pedobacter sp. (Fig. 5A). Members of the Pedobacter genus are previously not 

known to oxidize Mn. Yet two bacterial species (Rhizobium sp. and Nevskia sp.) were 

observed to produce Mn oxides but results imply a synergistic relationship between Rhizobium 

sp. and selected species (i.e. Nevskia, Hydrogenophaga sp. and Cladosporium sp.). No Mn 

oxides were detected in the controls containing the Mn(II) medium without inoculated 

bacteria or fungi. Table 1 lists bacteria and fungi that either are known Mn oxidizers 

identified in the natural Mn oxide producing ecosystem or found to be signature microbes in 

the YBS, not necessarily Mn oxidizers but specific for the YBS biofilm, or a combination of 

both. The table also includes the isolated Mn oxidizers. The reason the same taxon occurs 

more than once is that sequences group in different operational taxonomic units (OTU). 
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Fig. 5. Mn(III/IV) detection using leucoberbeline blue dye, a colorimetric reagent. (A) Oxidized Mn is spread 

out in the mucoid extracellular organic matter produced by Pedobacter sp. isolates, (B) Oxidized Mn 

concentrated in the close proximity of the Hydrogenophaga sp. colonies, (3) controls containing the Mn(II) 

medium without inoculated bacteria or fungi.  
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Table 1: Potential Mn oxidizers detected in the Ytterby Mn oxide producing ecosystem  

 

* The OTU accession numbers refers to a sequence read that is representative for that specific OTU. Sequences obtained in paper II are 

deposited in the NCBI nucleotide databank (NDB) and sequences obtained in paper III are deposited in the NCBI Sequence Read Archive 

(SRA), project no. PRJNA544894. In the table, the run accession and (sequence read) is provided for the SRA reads.  
** References refer either to isolated Mn oxidizing bacteria/fungi or to bacteria associated with Mn rich environments.  
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7.5  The manganese precipitation process – a system view  

The Mn- and YREE-enriched ecosystem in the Ytterby mine tunnel is the result of the 

interaction between intrinsic and extrinsic factors (Fig. 6). Physicochemical parameters 

(environmental constraints) set the stage for microbial community composition and 

development. In return, active microbial communities create local environments (niches) 

that select for specific microorganisms and induce concentration of elements and 

precipitation of the birnessite-type Mn oxides.  

 

Fig. 6. Schematic drawing of the Mn- and YREE-enriched ecosystem in the Ytterby mine tunnel. The 

simplified Mn redox cycle shows the main biotic and abiotic pathways involved in the oxidation and reduction 

of Mn. Green and red colors indicate oxidation and reduction pathways, respectively. Although Mn reduction 

cannot be excluded in this system, the end product is found under the form of Mn oxides of the birnessite-type.  

7.5.1  Coupled biogeochemical processes 

Figure 7 provides an overall view of the Mn oxide producing ecosystem. Water emerging 

from the rock fracture experiences a pressure drop and equilibrates with the tunnel 

atmosphere over time, leading to CO2 degassing and travertine precipitation (Pentecost, 

2005). Over time, the travertine has formed a 2-5 mm thick blanket covering parts of the 1.5-

2 m tall rock wall. The slightly basic pH of the fracture water (ca.8) is just within the pH 
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range that allows for abiotic oxidation of Mn(II) by soluble O2, but the process is very slow, 

considerably slower than autooxidation or microbially mediated oxidation. It is thus 

expected that microorganisms take advantage of these conditions.  

 

Fig. 7. Schematic representation for Ytterby black susbstance (YBS) biofilm formation (see text for details). 

Modified from paper III. 

The emerging fracture water hosts microbial communities with high phylogenetic diversity 

and species richness (Fig. 8A). These properties may be advantageous when it comes to 

hosting species, even at very low levels, that can adapt and create their own niche in a harsh 

environment such as the YBS biofilm. The Mn concentration in the top fracture water is high 

(172 µg/L) compared to other local waters which range from below 1 µg/L to 125 µg/L 

(paper III). On the contrary, there is essentially no Fe (0.40 µg/L). The lack of soluble Fe in 

combination with the presence of microaerophilic Fe(II) oxidizing bacterial groups (DTB-

120 environmental group and members of the Gallionellaceae family) indicate that Fe 

already is used (oxidized and precipitated) inside the rock fracture (Fig. 8B). 



35 
 

 

Fig. 8. Schematic representation for Ytterby black susbstance (YBS) biofilm formation (see text for details). 

Modified from paper III. 

The emerging fracture water percolates across the rock and travertine surface allowing 

planktonic populations to settle and produce thin biofilms (Fig. 8B and C).  Irregularities in 

the substrates produce turbulence in the water (seen as small particles trapped in microscopic 

vortexes). It may well be in these turbulent areas that microbes get initial contact with the rock 

wall (attachment) and start producing the YBS and bubble biofilms. Mn(II) and YREEs are 

continuously bound to the organic matter in the biofilm (cells and EOM). At the prevailing 

pH (ca.8) Mn(II) is partly hydrolysed in the water phase (hydroxide complexes) and is 

expected to be adsorbed to available solid surfaces (e.g. preformed MnO2 and cells). 

Epilithic microbial communities then oxidize the trapped Mn(II) and subsequently precipitate 

birnessite-type Mn oxides. Mn precipitation mediated by Pedomicrobium spp., one of the 

identified Mn oxidizers in the Ytterby system, involves binding of Mn(II) to negatively 
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charged EOM and subsequent oxidation to Mn(III/IV) (Ghiorse and Hirsch, 1979). The 

negatively charged Mn oxides will sorb additional Mn(II) which will be oxidized and 

precipitated, thus creating a positive feedback loop.  

 

The Mn concentration in the emerging fracture water (172 µg/L) drastically drops to 3 µg/L 

in water sampled at the bottom of the deposit (i.e fracture water that has percolated through 

the YBS over a 1.5 to 2 m distance down the rock wall, Fig. 7). The strong attenuation of 

aqueous Mn is coupled to enrichment of insoluble Mn oxides in the YBS biofilm, which in 

turn attracts the YREEs. Total concentration of YREEs is 11 µg/L in the top water and 7 

µg/L in the bottom water. The lighter the REE is, the stronger the depletion is in the water 

on its way down the rock wall and the stronger the enrichment in the YBS. The YBS biofilm 

thus acts as a sink for Mn and YREEs, notably the lighter ones. The gradual accumulation of 

metals leads to the extreme nature of the YBS biofilm, which in part is created by the 

prokaryotic communities themselves (Fig. 8C). As the biofilm matures and becomes more 

enriched in metals, only microbes adapted to this environment (no light, low temperature and 

high level of heavy metals) will thrive. 

Turning to the transparent bubble biofilm which is hydrophobic and forms a robust elastic 

film located at the water-air and/or air-air interface (Fig. 9). This stands in sharp contrast to 

the YBS biofilm in which the particles and microorganisms together form a hygroscopic 

substance that easily becomes suspended in water. The YBS biofilm produces and 

accumulates inorganic material (e.g. Mn oxides and trace metals) that gradually change the 

structure of the biofilm which gradually becomes more brittle and hygroscopic.  
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Fig. 9. Schematic representation of bubble biofilm formation (see text for details). Modified from paper III. 

Nevskia bacteria, that dominate the bubble biofilm community, may be capable of degrading 

the organic constituents of the petroleum products previously stored in the mine. The Nevskia 

community could thus function as a natural wastewater treatment where the organic 

constituents from the petroleum products are consumed and thereby immobilized by the 

microbial biofilm. It could be that Nevskia bacteria (bubble biofilm) represent the first wave 

colonizers of the rock wall, providing organic carbon needed for heterotrophic Mn oxidizing 

community in the YBS biofilm. Colonizing the air-water interface on the surface of the 

bedrock, carbonate travertine deposit, or possibly the YBS biofilm, these 

chemoorganotrophs produce an hydrophobic microlayer on top of which they create a 

biofilm (Fig. 9A). As the groundwater reaches the bedrock surface it equilibrates with the 

tunnel atmosphere and induces degassing. This gas diffuses through the YBS but not (or 



38 
 

more slowly) through the Nevskia biofilm, leading to the formation of gas bubbles (Fig. 9B). 

Monitoring of biofilm formation with use of a time lapse camera over one year (paper III) 

shows that degassing is random and episodic. Bubbles grow over a period of months and 

remain very stable. The bubble biofilms do not become more fragile with time (as a result of 

overstretching of the organic material) but rather grow thicker, more robust, and less 

transparent, indicating a more mature biofilm (Fig. 9C). The trapped gas largely reflects the 

ambient tunnel air and it is thus likely that gas is slowly diffusing through the bubble 

biofilm, allowing the original gas inside the bubbles to equilibrate with the ambient tunnel 

air. The gas itself does not appear to be an important factor in this system. It merely 

separates the air-air bacteria (e.g. Nevskia) from the other inhabitants of the Mn oxide 

producing ecosystem. 

7.5.2  The Ytterby birnessite phase 

Phase analysis by X-ray powder diffraction (XRD) and elemental analysis show that the 

dominating phase in the YBS is a birnessite-type Mn oxide, and sequential leaching shows 

that the YREEs most likely are incorporated in the mineral structure. The diffraction pattern 

also shows a weak bulge around 18-20° 2theta (paper IV). Similar bulges (around 20° 2theta) 

have been noted in previous studies and attributed to fungal (Yu et al., 2012) and bacterial 

tissue (Villalobos et al., 2006). These studies also found fungal tissue in birnessite produced 

by fungi (Yu et al., 2012) and dead cell remains in the bacterially produced birnessite 

(Villalobos et al., 2006). It can thus be argued that the bulge observed around 20° 2theta in the 

Ytterby diffractogram is indicative of biologically mediated birnessite. 

The location of Mn oxide formation varied among the isolated bacterial species, including 

deposition on the bacterial cell walls, at the outer edges of more well developed crystals and 

within the extracellular organic matrix. The Hydrogenophaga sp. has an intimate relationship 

with the precipitates which form on the cell surface and finally entomb the cell. 

Hydrogenophaga sp. was also observed to sequester the mineral product in a well- 

constrained area in the colony center forming structures resembling “fried eggs” (Fig. 10A).  
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Fig. 10. Micrographs of an isolated Mn(II) oxidizing bacterial species, Hydrogenophaga sp. (A) Light 

microscopy showing a Hydrogenophaga sp. colony with Mn precipitates located at the center of the colony. 

(B) Close-up of Mn precipitates in (A). (C and D) Scanning electron microscopy (SEM) images showing Mn 

oxide precipitates and bacteria. Mn precipitates correspond to precipitates seen in A and B (green arrows). (E) 

Transmisson Electron Microscopy (TEM) image showing isolated bacteria surrounded (trapped) by Mn oxide 

nanoparticles (note that most of the larger more developed Mn oxide crystal or aggregates of Mn oxide 

precipitates fell off during sectioning leaving behind white imprints in which only small patches of the original 

precipitates are preserved). (F) intracellularly close-up of (E).  

The Pedobacter sp. on the other hand forms Mn oxides in the mucilaginous extracellular 

secretions at a distance from the cell, possibly in association with vesicles released from the 

outer membrane (Fig. 11). The association between precipitates and the Nevskia sp. and 

Rhizobium sp. is more difficult to interpret. On a colony scale, the minerals form strings in the 

center of merging bacterial colonies. It may be that the capability of forming Mn oxides 

somehow is catalyzed when these two species grow together.  
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Fig. 11. Transmisson Electron Microscopy (TEM) images of an isolated Mn(II) oxidizing bacterial species, 

Pedobacter sp. (A and B) Mn oxides mainly form in the mucilaginous extracellular organic matter at a 

disstance from the cell, possibly in associations with vesicles released from the outer cell membrane (note that 

most of the larger more developed Mn oxide crystal or aggregates of Mn precipitates fell off during sectioning 

leaving behind white imprints in which only small patches of the original precipitates are preserved). (C) 

Pedobacter sp. cells close to a Mn crystal, releasing double layered membrane vesicles. (D) Close-up of (C). 

(E) Vesicles in the vicinity of possible Mn precipitates. (F) Close-up of (E).  
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The Mn oxidizing fungus Cladosporium sp. produces knot-like Mn aggregates on hyphal 

surfaces (Fig. 12). Preliminary results from structural characterizations (X-ray 

microdiffraction) of the mineral phases produced in cultures show that poorly crystalline 

initial precipitates are similar to birnessite-type Mn oxides. It also shows that early 

precipitates often are amorphous and do not diffract. Part of the long term goal is to 

investigate whether different types of bacteria and fungi contribute to the precipitation of 

structurally different Mn oxides. 

 

Fig. 12. Micrographs of an isolated Mn(II) oxidizing fungal species belonging to the Cladosporium genus 

within the Ascomycota phylum. (A) Light microscopy showing the complicated network of hyphae. (B and C) 

Scanning electron microscopy (SEM) images showing the association between hyphae and Mn oxide 

precipitates. Mn precipitates (red arrows) are deposited as knot-like aggregates on hyphal surfaces (green 

arrows). (D) Close-up of (C). (E and F) SEM images of Mn precipitate micro- and nano–sheets. Green arrows 

point to hyphae and red arrows to Mn oxide precipitates.  
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A previous study on fungal Mn oxides concluded that the site for Mn oxide formation varied 

between the different fungal species but that the primary product, poorly crystalline 

hexagonal birnessite-type oxides, remained the same (Santelli et al., 2011). Maybe the 

location of the Mn oxide formation on the mediating species in combination with colony 

scale sequestration of the Mn oxides is where we should turn our attention in order to learn 

more about how to recognize microbially mediated Mn oxide deposits in the geological 

record.  

A combined view on micro- and nanostructures of the natural environment Mn oxides and 

initial precipitates associated with the cultured Mn oxidizing bacteria and fungi point towards 

a stepwise formation process. Primarily two different growth patterns were observed in the 

natural environment precipitates: dendritic/shrublike and microspherulitic/botryoidal. Initial 

Mn oxide precipitates are deposited on cell surfaces or within the EOM, possibly in 

association with vesicles or wad-like Mn oxides exhibiting a vague internal radial texture. 

Encrusted organic material and wad-like Mn oxides form stable nuclei for further 

precipitation, evolving into densely packed oxides forming Liesegang-type of rings. Electron 

paramagnetic resonance (EPR) spectroscopy shows that the YBS is composed of two or 

more mineral phases. One of these phases has an EPR signature associated with a biotic 

origin (paper I). Such an EPR signature could be explained by a system in which the initial 

mineral product forms in close interaction with the biofilm (cells and associated EOM) and 

the subsequent precipitation is autocatalytic (abiotic oxidation of Mn(II) at the surface of 

microbially mediated Mn oxides). Occasionally the SEM cross section photomicrographs 

show cell-like structures along the Liesegang-type reaction fronts of the Mn oxides. This has 

probably nothing to do with the formation of the mineral phase but rather shows bacteria that 

inhabit (boring) parts of the crystal, which may serve as an electron acceptor in micro-anoxic 

environments. 

7.6  Carbon source influence 

The high relative abundance of microorganisms associated with degradation of petroleum 

products is likely connected to the previous storage of petroleum products (stored in the mine 

shaft 200 m away from the studied Mn deposit). The microbial community assembly in the 

YBS biofilm and associated sequestration of Mn oxides appear to have a profound impact on 

the degradation of recalcitrant organic compounds (previously stored petroleum products) 

and on the mobility of metals in the area. Three types of petroleum have been stored in the 
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mine shaft over a 35-40 year period which ended in 1995 (Sjöberg et al., 2012). However, 

patches of residual oil (likely locked up in submerged bedrock pockets) have come loose a 

few times since the shaft was emptied and risen to the surface of the now water-filled shaft. 

These residual releases are probably due to changes in groundwater levels and remediation is 

conducted following each release.  

Given the high relative abundance of members of the Immundisolibacteraceae family within 

the Gammaproteobacteria, specialized in degrading complex petroleum products, it is 

plausible that this species helps in the clean-up of residual oil in the mine area,  functioning as 

a natural wastewater treatment where the organic constituents from the petroleum products 

are consumed and thereby immobilized by the microbial biofilms. Moreover, the high relative 

abundance of archaea in the Mn top water and the similarity to archaeal gene sequences 

retrieved from contaminated (e.g. metals, radionuclides) subsurface sites accentuate the need 

for investigating the role of archaea in these types of environments. Archaea are not known 

to oxidize Mn but it is possible that similar indirect oxidation pathways exist as used by 

bacteria (i.e. to get rid of reactive oxygen species, ROS). 

8. Conclusions 

Studies of the dynamics of the YREE-enriched ecosystem combined with analyses of both the 

naturally occurring birnessite-type Mn oxides and the Mn phases produced by isolated 

microbes, lead to the following conclusions and answers to the stated objectives: 

 The dominating mineral phase in the YBS is a microbially mediated birnessite-type 

Mn oxide, exceptionally enriched in yttrium and rare earth elements (YREE). The 

YREE fraction constitutes 1% of the dry mass and 2% of the metal content and is 

dominated by Ce (around one third of total YREE) (paper I). An empirical formula 

based on total element analyses can be assessed as Mx(Mn
3+

,Mn
4+

)2O4•(H2O)n  with 

M = (Ca0,37-0,41YREE0.02 Mg0.04Other metals0.02-0.03), and with [Mn3+]/[Mn4+] = 

0.86-1.00 to achieve charge balance (paper I). 

 

 Quantification of bacterial and archaeal 16S rRNA genes in the YBS and the fracture 

water show that both bacterial and archaeal abundance are up to four orders of 

magnitude higher in the YBS samples compared to the fracture water samples. 

Bacteria are predominant with respect to archaea in both the YBS and fracture water, 
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winter and spring samples. The total number of bacteria in the YBS is on the order 

10
10

 cells per g YBS, while the water feeding the fracture is on the order of 10
6
 cells 

per mL groundwater. The corresponding numbers for archaea are on the order 10
9
 

cells per g YBS and 10
5 

cells per mL groundwater (paper II). 

 

 The subsystems of the Mn oxide producing ecosystem (fracture water, YBS biofilm 

and bubble biofilm) are phylogenetically significantly different and the microbial 

community composition of the feeding water has little impact on the derived 

biofilms. The signature microbial groups of the YBS biofilm Rhizobiales (e.g., 

Pedomicrobium), PLTA13 Gammaproteobacteria, Pirellulaceae, Blastocatellia and 

Nitrospira have convergently evolved to grow and thrive in this habitat as a result of 

metabolic opportunities and physicochemical constraints. These microbial groups 

create their own niche: an emerging extreme environment (including low constant 

temperature 8ºC, absence of light and high metal content, i.e. Mn and YREEs) which 

is generated by the biofilm components themselves (paper II amd III). 

 

 Known Mn oxidizers are identified among the niched microbial groups and four of 

the isolated bacterial species (Hydrogenophaga sp., Pedobacter sp., Rhizobium sp. and 

Nevskia sp.) as well as one fungal species (Cladosporium sp.) are involved in Mn 

oxide production (grown in the dark at low temperature). Pedobacter sp., 

Hydrogenophaga sp. and Cladosporium sp. produce Mn oxides independently, but 

results imply a synergistic relationship between Rhizobium sp. and selected species 

(i.e. Nevskia, Hydrogenophaga sp. and Cladosporium sp.) Members of the Pedobacter 

and Nevskia genera are previously not known to oxidize Mn. (paper III). 

 

 The growth pattern of the microbially mediated birnessite-type Mn oxides is either 

dendritic/shrublike or spherulitic/botryoidal. Nucleation takes place in close 

association to the biofilm and initial Mn precipitates are observed at different 

locations with respect to the mediating species. Oxidized Mn was concentrated in the 

close proximity of the Hydrogenophaga sp. colonies while being more spread out in 

the mucoid EOM produced by Pedobacter sp. Associated to this early phase are also 

wad-like Mn oxides (ca. 1-4 µm in diameter) showing internal radial growth patterns. 

Encrustations of cells and other organic structures by Mn precipitates and wad-like 
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Mn oxides appear to serve as stable nuclei for further growth. The close relationship 

appears to decrease in importance as the crystals, or aggregates of poorly crystalline 

precipitates, grow. In the more developed crystals, a repetitive pattern, Liesegang-

type of rings, suggests that abiotic factors take over (paper I, II and III). 

 

 YREEs are depleted from the fracture water and taken up by the birnessite-type Mn 

oxides. A strong preference for the trivalent YREEs over divalent and monovalent 

metals is indicated by YBS to water concentration ratios. There is also a preferential 

uptake of light rare earth elements (LREE) relative to heavy rare earth elements 

(HREE), likely due to mineralogical preferences for charge (III over II or I) and ionic 

radius (optimum around 100 pm). YREEs are not leached at pH 1.5 or higher. It is 

therefore concluded that these elements are strongly bound to the birnessite structure 

and not merely adsorbed (paper I, III, IV).  

 

 Exposure to Na, Ca, Fe, and La solutions (1 mol/L), respectively, led to cation 

exchanges and altered the content of the metals constituting M in the mineral 

formula, Mx(Mn
3+

,Mn
4+

)2O4•(H2O)n. In line with observations in the natural 

environment, exchange experiments established that there is a preferential uptake of 

YREE>Ca>Na into the birnessite-type Mn oxides. Fe(III) did not replace Mn(III) in 

the structure, despite having almost identical radii (for the same coordination 

number). No discrete Fe phase was formed. The cation exchange in the birnessite 

(Na, Ca, La, Fe) had no apparent effect on the mineral structure (paper IV). 

 

9. Questions and future directions 

Although more insight has been gained into microbial involvement in the formation of the 

Ytterby birnessite, there are still a number of outstanding questions and new ones that have 

surfaced. Below there is a list of these questions accompanied with possible approaches to 

answer them. 

 (1) Micro - and nanoscale distribution of elements and Mn speciation  

Techniques allowing for detailed structural analyses are required to verify calculations and 

postulations regarding the Ytterby birnessite mineral characteristics (presently based on 
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elemental analyses, phase analyses, leaching and metal exchangeability experiments) and to 

characterize the Mn precipitates produced by isolated bacteria and fungi. Areas that need to 

be addressed are in particular: (1) micro- and nanoscale determination of mineral phases, (2) 

quantification and determination of the micro- and nanoscale distribution of organics and 

elements (in particular Mn and Ce) and their oxidation states in the Mn oxide mineral 

structures, (3) assessment of whether the associated trace elements are adsorbed (outer-

sphere) or bonded to O (inner-sphere), (4) verification of the preference for metals of 

suitable size and high charge: M(III)>M(II)>M(I). Possible methods would include 

synchrotron-based X-ray absorption spectroscopy (XAS) with X-ray absorption near edge 

structure (XANES) and extended X-ray absorption fine structure (EXAFS). These 

techniques may be complemented with X-ray fluorescence mapping of the Mn and Ce 

distribution in the Mn oxides and their relation to the organic matter.  

(2) Genes encoding for enzymes involved in Mn oxidation and their expression  

The cultured Mn oxidizers can be used as model organisms for further experimentation on 

pathways involved in microbial Mn oxidation. By comparing the genomes of Mn oxidizing 

taxa identified in this study (in vitro) with those of previously identified species, it would be 

possible to gain more information on genes involved in these pathways. Work would include 

investigating whether there are differences in gene expression (protein expression) between 

the same bacterial strain grown with and without Mn(II), and possibly with and without 

YREEs. Experiments should also investigate whether the activated (expressed) set of genes 

of a bacterial species differ as a function of a planktonic or biofilm lifestyle. Yet another 

challenge would be to attempt to culture archaea and conduct similar experiments on 

(archaea are not known to oxidize Mn). 

(3) Microbial extraction of YREEs – is it possible? 

It seems likely that the Ytterby birnessite mineral structure (possibly the organisms involved 

in building it) prefer a trivalent ion (REE) over a divalent ion (Ca) or monovalent ion (Na) of 

similar size. The strong enrichment of Ce compared to the other REEs is likely due to an 

oxidation to Ce(IV). With this in mind it is further possible that a tetravalent ion is even 

more effective than the YREE(III). The possibility of growing microorganisms that oxidize 

Mn(II), leading to the formation of Mn phase that selectively incorporates YREEs is an 

exciting possibility for REE extraction. 
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(4) Mn oxidizing archaea? 

The high relative abundance of archaea in the Mn top water and the similarity to archaeal 

gene sequences retrieved from contaminated (e.g. metals, radionuclides) subsurface sites 

accentuate the need for investigating the role of archaea in these types of environments. 

Archaea are not known to oxidize Mn but it is possible that similar indirect oxidation 

pathways exist as used by bacteria (i.e. to get rid of reactive oxygen species, ROS). By 

cultivating a selected number of archaeal species and monitor how they respond to different 

types of Mn-enriched substrates and different Mn(II) concentrations we would learn more 

about whether or not archaea are capable of Mn oxidation. 

  



48 
 

Acknowledgments 

First of all, I would like to thank my continuously encouraging supervisor Christophe 

Dupraz for giving me the chance to carry on working in the fascinating Ytterby mine 

environment and for introducing me into the field of geomicrobiology and microbial 

geochemistry, and Bert Allard for his endless support and for sharing knowledge during 

invaluable science discussions. I also want to thank my co-supervisor Rienk Smittenberg for 

keeping me on track during my time as a PhD student and for constructive feedback. A huge 

thank you to my dear friends Martin Lundmark (The Swedish Fortifications Agency) and P-

O Lindgren (The Swedish Defence) for their generosity in letting me visit the Ytterby mine 

as often as necessary and for sharing stories and data on this unique locality. I thank 

Nolwenn Callac for sharing her skills in microbiology and guiding me through the 

molecular work presented in paper II. This work would not have been possible without 

her. I am tremendously thankful and glad for the opportunity to do the molecular work 

presented in paper III under the supervision of team Ettema, at the Ettema Lab, Biomedical 

Center (BMC) at Uppsala University. I also want to acknowledge the Umeå core facility for 

Electron Microscopy (UCEM) at Umeå University and the National Microscopy 

Infrastructure (NMI) for providing assistance in sample preparation and microscopy, Karsten 

Pedersen and Linda Johansson at Microbial Analytics Sweden AB for help with gas 

analyses, and Jan-Olov Persson at the Statistical Research Group, Stockholm University, for 

consultation. I would like to express my sincere gratitude to my co-authors at Man-

Technology-Environment Research centre, Örebro University, Swedish Museum of Natural 

History and Institute of Geosciences at Friedrich Schiller University, Jena. Thank you for 

your valuable assistance in analyses and inputs on the papers. I am grateful to Hildred Crill 

in so many ways: as a friend, for listening patiently when preparing for my presentations and 

for continuous help to improve my scientific writing. I also want to thank Patrick Crill and 

Eve Arnold for always having a minute and for solid advice and to Barbara Wohlfarth for 

teaching inspiration and guidance; Dan Zetterberg for his fine work making thin sections, 

Marianne Ahlbom, Heike Siegmund and Malin Söderman for their assistance with ESEM 

and isotope analysis, respectively; Joakim Mansfeld for advice and input on rocks in the 

Ytterby area, Anna Neubeck for advice and support regarding sampling and cultivations, Pär 

Hjelmquist for advice and assistance in water analyses, Håkan Gustafsson (University of 

Linköping) for conducting the EPR analysis and for providing valuable knowledge in this 

field. A big thank you goes to Jonas Fredriksson for helping out in the lab and to Rolf 



49 
 

Hallberg who supports and guides me through the challenges involved in the art of 

cultivating, isolating and visualizing our Mn oxidizers. Funding from the Faculty of Science 

at Stockholm University, SciLifeLab, Pilot project is greatly acknowledged. 

References 

Allard, B., Sjöberg, S., Sjöberg, V. and Karlsson, S. (2019). On the formation and metal 

exchangeability of the rare earth element encriched birnessite from the Ytterby mine, 

Sweden. Submitted to Applied Geochemistry. 

Akob, D.M., Bohu, T., Beyer, A., Schäffner, F., Händel, M., Johnson, C.A., Merten, D., 

Büchel, G., Totsche, K.U. and Küsel, K. (2014). Identification of Mn(II)-oxidizing bacteria 

from a low-pH contaminated former uranium mine. Appl Envrion Microbiol 80, 5086-5097. 

Almström, G.K. (1925). Xenotimen från Ytterby. GFF 47, 290. 

Andeer, P.F., Learman, D.R., Macilvin, M., Dunn, J.A. and Hansel, C.M. (2015). 

Extracellular haem peroxidases mediate Mn(II) oxidation in a marine Roseobacter bacterium 

via superoxide production. Environ Microbiol 17, 3925-3936. 

Anderson, C.R., Johnson, H.A., Caputo, N., Davis, R.E., Torpey, J.W. and Tebo, B.M. 

(2009). Mn(II) oxidation is catalyzed by heme peroxidases in “Aurantimonas 

manganoxydans” strain SI85-9A1 and Erythrobacter sp. strain SD-21. Appl Environ 

Microbiol 75, 4130-4138. 

Arvidson, R.E., Squyres, S.W., Morris, R.V., Knoll, A.H., Gellert, R., Clark, B.C. et al. 

(2016). High concentrations of manganese and sulfur in deposits on Murray Ridge, 

Endeavour Crater, Mars. Am Min 101, 1389-1405. 

Bargar, J.R., Tebo, B.M., Bergmann, U., Webb, S.M., Glatzel, P., Chiu, V.Q. and 

Villalobos, M. (2005). Biotic and abiotic products of Mn(II) oxidation by spores of the 

marine Bacillus sp. strain SG-1. Am Mineral 90, 143-154. 

Bau, M. (1999). Scavenging of dissolved yttrium and rare earths by precipitating iron 

oxyhydroxide: experimental evidence of Ce oxidation, Y-Ho fractionation, and lanthanide 

tetrad effect. Geochim Cosmochim Acta 63, 67-77. 



50 
 

Bau, M. and Koschinsky, A. (2009). Oxidative scavenging of cerium on hydrous Fe oxide: 

evidence from the distribution of rare earth elements and yttrium between Fe oxides and Mn 

oxides in hydrogenetic ferromanganese crusts. Geochem J 43, 37-47. 

Bowen, H.J.M. (1979). Environmental chemistry of the elements. Academic press, London. 

Brouwers, G.J., Vijgenboom, E., Corstjens, P.L.A.M., de Vrind, P.M. and de Vrind – de 

Jong, E.W. (2000). Bacterial Mn
2+ 

oxidizing systems and multicopper oxidases: an overview 

of mechanisms and functions. Geomicrobiol J 17, 1-24. 

Cahyani, V.R., Murase, J., Ishibashi, E., Asakawa, S. and Kimura, M. (2009). Phylogenetic 

positions of Mn
2+

-oxidizing bacteria and fungi isolated from Mn nodules in rice field 

subsoils. Biol Fert Soils 45, 337-346. 

Carlson, K., Linder, C.H., Flärdh, K., Bertilsson, S., Lundgren, M. and Svärd, S.G. (2017). 

Introduktion till mikrobiologi, 3:e upplagan. Studentlitteratur, Lund. 

Carmichael, M.J., Carmichael, S.K., Santelli, C.M., Strom, A. and Bräuer, S.L. (2013). 

Mn(II)-oxidizing bacteria are abundant and environmentally relevant members of 

ferromanganese deposits in caves of the upper Tennessee river basin. Geomicrobiol J 30, 

779-800. 

Carmichael, M.J. and Bräuer, S.L. (2015). Microbial diversity and manganese cycling: a 

review of manganese oxidizing microbial cave communities. In: Summers, E.A (Ed.), 

Microbial life of cave systems, life in extreme environments. 3, 137-160. Berlin/Boston: 

Walter de Gruyter GmbH. 

Caspi, R., Haygood, M.G. and Tebo, B.M. (1996). Unusual ribose-1,5-biphosphate 

carboxylase/oxygenase genes from a marine manganese-oxidizing bacterium. Microbiol 

142, 2549-2559. 

Caspi, R., Tebo, B.M. and Haygood, M.G. (1998). C-type cytochromes and manganese 

oxidation in Pseudomonas putida MnB1. Appl Environm Microbiol 64, 3549-3555. 

Center for biofilm engineering website, http://www.biofilm.montana.edu/biofilm-

basics/index.html September 29 2019. 



51 
 

Černý, P. (1992). Geochemical and petrogenetic features of mineralization in rare-element 

granitic pegmatites in the light of current research. Appl Geochem 7, 393-416. 

Černý, P. and Ercit, T.S. (2005). Classification of granitic pegmatites revisited. Can Minerl 

43, 2005-2026. 

Daly, M.J., Gaidamakova, E.K., Matrosova, V.Y., Vasilenko, A., Zhai, M., Venkateswaran, 

A., Hess, M., Omelchenko, M.V., Kostandarithes, H.M., Makarova, K.S., Wackett, L.P., 

Fredrickson, J.K. and Ghosal, D. (2004). Accumulation of Mn(II) in Deinococcus 

radiodurans facilitates gamma-radiation resistance. Science 306, 1025-1028. 

Davranche, M., Pourret, O., Gruau, G., Dia, A., Jin, D. and Gaertner, D. (2008). Competitive 

binding of REE to humic acid and manganese oxide: impact of reaction kinetics on 

development of cerium anomaly and REE adsorption. Chem Geol 247, 154-170. 

Decho, A., Norman, R.S. and Visscher, P. (2010). Quorum sensing in natural environments: 

emerging views from microbial mats. Trends Microbiol 18, 73-80. 

De Vrind, J.P.M., De Vrind, D.E., Jong, E.W. de Voogt, J.W.H., Westbroek, P., Boogerd, 

F.C., Rosson, R.A. (1986). Manganese oxidation by spores and spore coats of a marine 

Bacillus species. Appl Environ Microbiol 52, 1096-1100. 

 

De Vrind, J., de Groot, A., Brouwers, G.J., Tommassen, J. and de Vrind–de Jong, E. (2003). 

Identification of a novel Gsp-related pathway required for secretion of the manganese-

oxidizing factor of Pseudomonas putida strain GB-1. Mol Microbiol 47, 993-1006.  

Dick, G.J., Torpey, J.W., Beveridge, T.J. and Tebo, B.M. (2008). Direct identification of a 

bacterial Mn(II) oxidase, the multicopper oxidase MnxG, from spores of several different 

marine Bacillus species. Appl Environ Microbiol 74, 1527-1534. 

Dick, G.J., Clement, B.G., Webb, S.M., Fodrie, F.J., Bargar, J.R. and Tebo, B.M. (2009). 

Enzymatic microbial Mn(II) oxidation and Mn biooxide production in the Guaymas Basin 

deep-sea hydrothermal plume. Geochim Cosmochim Acta 73, 6517-6530. 

Diem, D. and Stumm, M. (1984). Is dissolved Mn
2+

 being oxidized by O
2
 in absence of Mn-

bacteria or surface catalysts? Geochim Cosmochim Acta 48, 1571-1573. 



52 
 

Dupraz, C., Reid, P.R., Braissant, O., Decho, A.W., Norman, R.S. and Visscher, P. (2009). 

Process of carbonate precipitation in modern microbial mats. Earth-Science Reviews 96, 

141-162. 

Ehrlich, H.L. (1978).  Inorganic energy sources for chemolithtrophic and mixotrophic 

bacteria. Geomicrobiol J 1, 65–83. 

Ehrlich, H.L. (1983). Manganese-oxidizing bacteria from a hydrothermally active area on 

the Galapagos rift. Ecol Bull 35, 357-366. 

Ehrlich, H.L. and Salerno, J.C. (1990). Energy coupling in Mn
2+

 oxidation by a marine 

bacterium. Arch Microbiol 154, 12-17. 

Ehrlich, H.L. (2002). Geomicrobiology, fourth edition revised and expanded. Marcel 

Dekker, Inc, New York. 

Ehrlich, H.L. and Newman, D.K. (2009). Geomicrobiology, fifth edition, pp. 347-420. CRC 

Press, Taylor & Francis Group, Boca Raton. 

Elderfield, H., Hawkesworth, C.J. and Greaves, M.J. (1981). Rare earth element 

geochemistry of oceanic ferromanganese nodules and associated sediments. Geochim 

Cosmochim Acta 45,513-528. 

Emerson, D. and Ghiorse, W.C. (1993). Ultrastructure and chemical composition of the 

sheath of Lepthothrix discophora SP-6. J Bacteriol 175, 7808-7818. 

Falamin, A.A. and Pinevich, A.V. (2006). Isolation and characterization of a unicellular 

manganese-oxidizing bacterium from a freshwater lake in northwestern Russia. Microbiol 

75, 180-185. 

Fein, J.B. (2017). Advanced biotic ligand models: Using surface complexation modeling to 

quantify metal bioavailability to bacteria in geologic systems. Chem Geol 464:127-136. 

Flemming, H-C. and Wingender, J. (2010). The biofilm matrix. Nat Rev Microbiol 8, 623-

633. 

Francis, C.A. and Tebo, B.M. (1999). Marine Bacillus spores as catalysts for oxidative 

precipitation and sorption of metals. J Molec Microbiol Biotechnol 1, 71-78. 



53 
 

Francis, C.A., Casciotti, K.L. amd Tebo, B.M. (2002). Localization of Mn(II)-oxidizing 

activity and the putative multicopper oxidase, MnxG, to the exosporium of the marine 

Bacillus sp. strain SG-1. Arch Microbiol 178, 450-456. 

Gebers, R. (1981). Description, isolation, and emended description of Pedomicrobium 

ferrugineum Aristovskaya and Pedomicrobium manganicum Aristovskaya. Int J Syst 

Bacteriol 31, 302-316. 

Gerlach, R. and Cunningham, A.B. (2011). Influence of biofilms on porous media 

hydrodynamics. In: Porous media, Applications in biological systems and biotechnology. 

Ed. Vafai K. CRC Press, Taylor and Francis group, Boca Raton. 

Geszvain, K., McCarthy, J.K. and Tebo, B.M. (2013). Elimination of manganese(II,III) 

oxidation in Pseudomonas putida GB-1 by a double knockout of two putative multicopper 

oxidase genes. Appl Environ Microbiol 79, 657-666. 

Ghiorse, W.C.  (1984). Biology of iron- and manganese depositing bacteria. Ann Rev 

Microbiol 38, 515-550. 

Goodenough, K.M., and Schilling, J., Jonsson, E., Kalvig, P., Charles, N., Tuduri, J., Deady, 

E.A., Sadeghi, M., Schiellerup, H., Müller, A., Bertrand, G, Arvanitidis, N., Eliopoulos, 

D.G., Shaw, R.A., Thrane, K. and Keulen, N. (2016). Europe’s rare earth element resource 

potential: an overview of REE metallogenetic provinces and their geodynamic setting. Ore 

Geol Rev 72, 838-856. 

Haferburg, G. and Kothe, E. (2010). Metallomics: lessons for metalliferous soil remediation. 

Appl Microbiol Biotechnol 87:1271-80. 

Hallberg, R. and Broman, V. (2018). Microbial fossils in the 2.63 Ga Jeerinah formation, 

western Australia – evidence of microbial oxidation. Geomicrobiol J 35, 255-260. 

Hansel, C.M. and Francis, C.A. (2006). Coupled photochemical and enzymatic Mn(II) 

oxidation pathways of a planctonic Roseobacter-like bacterium. Appl Environ Microbiol 72, 

3543-3549. 

Hansel, C.M., Ferdelman, T.G. and Tebo, B.M. (2015). Cryptic cross-linkages among 

biogeochemical cycles: Novel insights from reactive intermediates. Elements 11, 409-14. 



54 
 

Hansel, C.M. and Learman, D.R. (2016). Geomicrobiology of manganese. In: Ehrlich, H.L., 

Newman, D.K. and Kappler, A. (Eds.), Ehrlich’s Geomicrobiology, sixth editon, pp 401-

452. Boca Raton: CRC Press. 

Harrison, J.J., Ceri, H. and Turner, R.J. (2007). Multimetal resistance and tolerance in 

microbial biofilms. Nature Rev Microbiol 5, 929-38. 

Ingri, J. and Pontér, C. (1986). Iron and manganese layering in recent sediments in the Gulf 

of Bothnia. Chem Geol 56, 105-116. 

Ingri, J. and Pontér, C. (1987). Rare earth abundance in ferromanganese concretions from 

the Gulf of Bothnia and the Barents Sea. Geochim Cosmochim Acta 51,155-161. 

Kasten, S., Glasby, G.P., Schultz, H.D., Friedrich, G. and Adereev, S.I. (1998). Rare earth 

elements in manganese nodules from the South Atlantic Ocean as indicators of oceanic 

bottom water flow. Marine Geol 146,33-52. 

Kay, J.T., Conklin, M.H., Fuller, C.C. and O’Day, P.A. (2001). Processes of nickel and 

cobalt uptake by manganese oxide forming sediment in Pinal Creek, Globe mining district, 

Arizona. Environ Sci Technol 35, 4719-4725. 

Kim, S.S., Bargar, J.R., Nealson, K.H., Flood, B.E., Kirschvink, J.L., Raub, T.D., Tebo, 

B.M. and Villalobos, M. (2011). Searching for biosignatures using electron paramagnetic 

resonance (EPR) analysis of manganese oxides. Astrobiology 11, 775-786. 

Kolarik, Z. (1962). Sorption radioaktiver isotope an Niederschlägen VIII. Sorption von 

spurenmengen yttrium und cer am mangan(IV)-hydoxyd. Collect Czech Chem Commun 27, 

1333-1337. 

Konhauser, K.O., Schultze-Lam, S., Ferris, F.G., Fyfe, W.S., Longstaffe, F.J. and Beveridge, 

T.J. (1994). Mineral precipitation by epilithic biofilms in the Speed River, Ontario, Canada. 

Appl Environ Microbiol 60, 549-553. 

Koschinsky, A. and Hein, J.R. (2017). Marine ferromanganese encrustations: archives of 

changing oceans. Elements 13, 177-182. 



55 
 

Kothe, E., Bermann, H. and Büchel, G. (2005). Molecular mechanisms in bio-geo-

interactions: From a case study to general mechanisms. Chemie der Erde 65:7-27. 

Kretz, R. (1960). The distribution of certain elements among coexisting calcic pyroxenes, 

calcic amphiboles and biotites in skarns. Geochim Cosmochim Acta 20, 161-191. 

Lanson, B., Drits, V.A., Feng, Q. and Manceau, A. (2002). Structure of synthetic Na-

birnessite: Evidence for a triclinic one-layer unit cell. Am Mineral 87, 1662-1671. 

Lanza, N., Wiens, R.C., Arvidson, R.E., Clark, B.C., Fischer, W.W., Gellert, R. et al. (2016). 

Oxidation of manganese in an ancient aquifer, Kimberley formation, Gale crater, Mars. 

Geophys Res Lett 43, 7398-7407. 

Larsen, E.I., Sly, L.I. and McEwan, A.G. (1999). Manganese(II) adsorption and oxidation by 

whole cells and a membrane fraction of Pedomicrobium sp. ACM 3067. Arch Microbiol 

171, 257-264. 

Learman, D.R., Voelker, B.M., Vazquez-Rodriguez, A.I. and Hansel, C.M. (2011). 

Formation of manganese oxides by bacterially generated superoxide. Nat Geosci 4, 95-98. 

Leybourne, M.I. and Johannesson, K.H. (2008). Rare earth elements (REE) and yttrium in 

stream waters, stream sediments and Fe-Mn oxyhydroxides: Fractionation, speciation and 

controls over REE + Y patterns in the surface environment. Geochim Cosmochim Acta 72, 

5962-5983. 

Lindström, M., Lundqvisst, J. and Lundqvist, T. (2000). Sveriges geologi från urtid till 

nutid, 2:a ed. Studentlitteratur, Lund, Sweden. 

London, D. (2008). Pegmatites. Canadian Mineralogist, Special publication 10, the 

Mineralogical Association of Canada. 

Lorentz, C., Merten, D., Haferburg, G., Kothe, E. and Büchel, G. (2012). Geomicrobial 

manganese redox reactions in metal-contaminated soil substrates. In: Kothe E and Ajit 

Varma (eds.). Bio-Geo interactions in metal-contaminated soils. Soil biology vol.31. 

Springer-Verlag Berlin Heidelberg, pp. 99-112. 



56 
 

Lozupone, C., Hamady, M., and Knight, R. (2006). UniFrac – an online tool for comparing 

microbial community diversity in a phylogentic context. BMC Bioinform 7, 371. 

Luther III, G.W. (2010). The role of one- and two-electron transfer reactions in forming 

thermodynamically unstable intermediates as barriers in multi-electron redox reactions. 

Aquat Geochem 16, 395-420. 

Lööf, E. (1981). Ytterby gruva. Hembygdsskrift Nr 2 kap 3, Österåkers Hembygds- och 

fornminnesförening, Österåker, Sweden. 

Mann, S. (2001). Biomineralization: principles and concepts in bioinorganic materials 

chemistry. Oxford University Press, Oxford. 

Marcus, D.N., Pinto, A., Anantharaman, K., Ruberg, S.A., Kramer, E.L., Raskin, L. and 

Dick, G.J. (2017). Diverse manganese(II)-oxidizing bacteria are prevalent in drinking water 

systems. Environ Microbiol Rep 9, 120-128. 

Morton, J.T., Sanders, J., Quinn, R.A., McDonald, D., Gonzalez, A., Vázquez-Baeza, Y., 

Navas-Molina, J.A., Song, S.J., Metcalf, J.L., Hyde, E.R., Lladser, M., Dorrestein, P.C. and 

Knight, R. (2017). Balance trees reveal microbial niche differentiation. mSystems 2, 1. 

Krumbein, W.E. and Altmann, H.J. (1973). A new method for the detection and enumeration 

of manganese oxidizing and reducing microorganisms. Helgoländer wiss Meeresunters 25, 

347-356. 

Miller, A-F. (2012). Superoxide dismutases: Ancient enzymes and new insights. FEBS 

letters 586, 585-595 

Molin, S. and Tolker-Nielsen, T. (2003). Gene transfer occurs with enhanced efficiency in 

biofilms and induces enhanced stabilisation of the biofilm structure. Curr Opin Biotech 14, 

255-261. 

Morgan, J.J. (2005). Kinetics of reaction of O2 and Mn(II) species in aqueous solutions. 

Geochim Cosmochim Acta 69, 35-48. 



57 
 

Murray, J.W., Dillard, J.G., Giovanoli, R., Moers, H. and Stumm, W. (1985). Oxidation of 

Mn(II): Initial mineralogy, oxidation state and ageing. Geochim Cosmochim Acta 49, 463-

470. 

Nakama, K., Medina, M., Lien, A., Ruggieri, J., Collins, K. and Johnson, H.A. (2014). 

Heterologous expression and characterization of the manganese-oxidizing protein from 

Erythrobacter sp. strain SD21. Appl Environ Microbiol 80, 6837-6842. 

NCBI GenBank: http://www.ncbi.nlm.nih.gov/BLAST) May 2019. 

NCBI BLAST network service (http://www.ncbi.nlm.nih.gov/BLAST) 2019. 

Nealson, K.H. and Tebo, B. (1980). Structural features of manganese precipitating bacteria. 

Origins Life Evol Biosphere 10, 117-126. 

Nealson, K.H., Tebo, B.M. and Rosson, R.A. (1988). Occurrence and mechanisms of 

microbial oxidation of manganese. Adv Appl Microbiol 33, 279-318. 

Nealson, K.H. (2006). The manganese oxidizing bacteria. In Dworkin, M., Falkow, S., 

Rosenberg, E., Schleifer, E. and Stackebrandt, K.H. (Eds.), The Prokaryotes, third edition. 

Proteobacteria: Alpha and Beta subclasses. 5, 222-231. Springer New York. 

Nelson, Y.M., Lion, L.W., Ghiorse, W.C. and Schuler, M.L. (1999). Production of biogenic 

Mn oxides by Leptothrix Discophora SS-1 in a chemically defined growth medium and 

evaluation of their Pb adsorption characteristics. Appl Environ Microbiol 65, 175-180. 

Nordenskjöld, I. (1904). Ytterby Fältspatbrott, Skandinavisk Tidskrift för Lervaru- och 

Stenindustri, Organ för tegel, cement, beton, kalk, sten och byggnadsmaterialier, N:o 6 & 7, 

Stockholm, Sweden. 

Nordenskjöld, I. (1910). Der Pegmatite von Ytterby, Bulletin of the Geological Institution of 

the University of Uppsala, vol. IX, 1908-1909, Almqvist & Wiksells boktryckeri-aktiebolag, 

Uppsala. 

Northup, D.E, Barns, S.M., Yu, L.E., Spilde, M.N., Schelble, R.T., Dano, K.E., Crossey, 

L.J., Connolly, C.A., Boston, P.J., Natvig, D.O. and Dahm, C.N. (2003). Diverse microbial 



58 
 

communities inhabiting ferromanganese deposits in Lechuguilla and Spider caves. Environ 

Microbiol 5, 1071-1086. 

Northup, D.E., Snider, J.R., Spilde, M.N., Porter, M.L., Van de Kamp, J.L., Boston, P.J., 

Nyberg, A.M. and Bargar, J.R. (2010). Diversity of rock varnish bacterial communities from 

Black Canyon, New Mexico. J Geophys Res 115, 19. 

Ohnuki, T., Jiang, M., Sakamoto, F., Kozai, N., Yamasaki, S., Yu, Q., Tanaka, K., 

Utsunomiya, S., Xia, X., yang, K. and He, J. (2015). Sorption of trivalent cerium by a 

mixture of microbial cells and manganese oxides: effect of microbial cells on the oxidation 

of trivalent cerium. Geochim Cosmochim Acta 163, 1-13. 

Ohta, A. and Kawabe, I. (2001). REE(III) adsorption onto Mn dioxide (δ-MnO2) and Fe 

oxyhydroxide: Ce(III) oxidation by δ-MnO2. Geochim Cosmochim Acta 65, 695-703. 

Okano, K., Furuta, S., Ichise, S. and Miyata, N. (2016). Whole-genome sequences ot two 

Mn(II)-oxidizing bacteria. Bosea sp. strain BIWAKO-01 and Alphaproteobacterium strain 

U9-1i. Genome announc 4, 2169-8287. 

Okazaki, M., Sugita, T., Shimizu, M., Ohode Y., Iwamoto, K., de Vrind de Jong, E.W., de 

Vrind, J.P.M. and Corstjens, P.L.A.M. (1997). Partial purification and characteriazation of 

manganese oxidizing factors of Pseudomonas fluorescens GB-1. Appl Environ Microbiol 63, 

4793-4799. 

Pamp, S.J., Gjermansen, M. and Tolker-Nielsen, T. (2007). The biofilm matrix: a sticky 

framework, pp 37-69. In: Kjelleberg, S. and Givskov, M. (Eds). The biofilm mode of life: 

Mechanisms and adaptations. Horizon Bioscience, Norfolk, UK. 

Pedersen, K. (1997). Microbial life in deep granitic rock. FEMS Microbiol Rev 20, 339-414. 

Pedersen, K. (2005). Microorganisms and their influence on radionuclide migration in 

igneous rock environments. JNRS Journal 6, 1-5 

Peña, J., Kwon, K.D., Refson, K., Bargar, J.R., Sposito, G. (2010). Mechanisms of nickel 

sorption by a bacteriogenic birnessite. Geochim Cosmochim Acta 74, 3076-3089. 

Pentecost, A. (2005). Travertine. Springer-Verlag Berlin Heidelberg.  



59 
 

Perry, R.S., Mcloughlin, N., Lynne, B.Y., Sephton, M.A., Oliver, J.D., Perry, C.C., 

Campbell, K., Engel, M.H., Farmer, J.D., Brasier, M.D. and Staley, J.T. (2007). Defining 

biominerals and organominerals: Direct and indirect indicators of life. Sediment Geol 201, 

157-179. 

Piper, D.Z. (1974). Rare earth elements in the sedimentary cycle: a summary. Chem Geol 

14, 285-304. 

Pourret, O. and Davranche, M. (2013). Rare earth element sorption onto hydrous manganese 

oxide: a modelling study. J Colloid Interf Sci 395, 18-23. 

Post, J.E. (1999). Manganese oxide minerals: crystal structures and economic and 

environmental significance. PNAS 7, 3447-3454. 

Pruesse, E., Quast, C., Knittel, K., Fuchs, B.M., Ludwig, W., Peplies, J. and Glöckner, F.O. 

(2007). SILVA: a comprehensive online resource for quality checked and aligned ribosomal 

RNA sequence data compatible with ARB. Nucleic Acids Res 35, 7188-7196. 

Rendueles, O. and Ghigo, J-M. (2015). Mechanisms of competition in biofilm communities. 

In: Ghannoum, M., Parsek, M., Whiteley, M. and Mukherjee, P.K. (Eds.), Microbial 

biofilms second edition. ASM Press Washington DC, 16, 319-343. 

Rollinson, H.R. (2014). Using geochemical data:evaluation, presentation, interpretation. 

Routledge, Taylor & Francis group, London and New York. 

Romano, C.A., Zhou, M., Song, Y., Wysocki, V.H., Dohnalkova, A.C., Kovarik, L., Pasa-

Tolic, L. and Tebo, B.M. (2017). Biogenic manganese oxide nanoparticle formation by a 

multimeric multicopper oxidase Mnx. Nat Commun 8, 746. 

Romer, R.C. and Smeds, S-A. (1994). Implications of U-Pub ages of columbite tantalites 

from granitic pegmatites for the Palaeoproterozoic accretion of 1.90-1.85 Ga magmatic arcs 

to the Baltic Shield. Precambrian Res 67, 141-158. 

Rudnick, R.L. and Gao, S. (2004). Composition of the continental crust. pp. 1-64. In: 

Rudnick, R.L. (Ed.), The crust treatise on geochemistry, vol 3. Elsevier-Pergamon, Oxford. 



60 
 

Santelli, C.M., Webb, S.M., Dohnalkova, A.C. and Hansel, C.M. (2011). Diversity of Mn 

oxides produced by Mn(II)-oxidizing fungi. Geochim Cosmochim Acta 75, 2762-2776. 

Silver, S. and Phung, L.T. (1996). Bacterial heavy metal resistance: New surprises. Annu 

Rev Microbiol 50:753-89. 

Sjöberg, S. (2012). The Ytterby mine – a historical review and an evaluation of its suggested 

spatial coupling to multiple sclerosis (MS). Batchelor Thesis, Stockholm University. 

Sjöberg, S. (2014). Characterization of an REE-enriched black substance in fractured 

bedrock in the Ytterby mine. Master Thesis, Stockholm University. 

Spilde, M.N., Northup, D.E., Boston, P.J., Schelble, R.T., Dano, K.E., Crossey, L.J. and 

Dahm, C.N.  (2005). Geomicrobiology of cave ferromanganese deposits: A field and 

laboratory investigation. Geomicrobiol J 22, 99-116. 

Spiro, T.G., Bargar, J.R., Sposito, G. and Tebo, B.M. (2008). Bacteriogenic manganese 

oxides. Acc Chemical Res 43, 2-9. 

Stein, L.Y., La Duc, M.T., Grundl, T.J and Nealson, K.H. (2001). Bacterial and archaeal 

populations associated with freshwater ferromanganous micronodules and sediments. 

Environ Microbiol 3, 10-18. 

Stumm, W. and Morgan, J.J. (1996). Aquatic chemistry, chemical equilibria and rates in 

natural waters. 3
rd

 edition, John Wiley & Sons, Inc., New York. 

Sunda, W.G. and Kieber, D.J. (1994). Oxidation of humic substances by manganese oxides 

yields low-molecular-weight organic substrates. Nature 367, 62-64. 

Sundius, N. (1948). Berggrundskarta över Stockholmstrakten, Skala 1:50 000, Sveriges 

Geologiska Undersökning, Ser. Ba, Nr 13, Generalstabens Litografiska Anstalt, Stockholm, 

Sweden. 

Suzuki, M.T., Taylor, L.T, DeLong, E.F. (2000). Quantitative analysis of small sub-unit 

rRNA genes in mixed microbial populations via 5’-nuclease assays. Appl Environ Microbiol 

66, 4605-4614. 



61 
 

Swedish Fortifications Agency (Fortifikationsverket). (2012), Utredningsprogram Ytterby, 

Vaxholms Kommun; 4:610, 4:564,4:611, 4:9, Rev A, 2012-04-10. 

 

Takahashi, Y., Manceau, A., Geoffroy, N., Marcus, M.A. and Usui, A. (2007). Chemical and 

structural control of the partitioning of Co, Ce and Pb in marine ferromanganese oxides. 

Geochim Cosmochim Acta 71, 984-1008. 

Tanaka, K., Tani, Y., Takahashi, Y, Tanimizu, M., Suzuki, Y., Kozai, N. and Ohnuki, T. 

(2010). A specific Ce oxidation process during sorption of rare earth elements on biogenic 

Mn oxide produced by Acremonium sp. strain KR21-2. Geochem Cosmochim Acta 74, 

5463-5477. 

Tebo, B.M. (1983). The ecology and ultrastructure of marine manganese oxidizing bacteria. 

PhD dissertation thesis. Univ. Calif., San Diego, San Diego, CA, 220 pp. 

Tebo, B.M, Ghiorse, W.C., van Waasbergen, L.G., Siering, P.L and Caspi, R. (1997). 

Bacterially mediated mineral formation: insights into manganese(II) oxidation from 

molecular genetic and biochemical studies. In Banfield, J.F. and Nealson, K.H. (Eds.), 

Reviews in mineralogy, volume 35. Geomicroiology: Interactions between microbes and 

minerals, pp. 225-266. MSA Washington, DC. 

Tebo, B.M., Bargar, J.R., Clement, B.G., Dick, G.J., Murray, K.J., Parker, D., Verity, R. and 

Webb, S.M. (2004). Biogenic manganese oxides: properties and mechanisms of formation. 

Annu. Rev. Earth Planet. Sci. 32, 287-328. 

Tebo, B.M., Clement, B.G and Dick G.D. (2007). Biotransformations of manganese. In 

Hurst, C.H. (Ed.), Manual of environmental microbiology, third edition, pp. 1223-1238. 

Washington, DC, ASM Press. 

Tebo, BM, Geszvain K, and Lee S.  (2010). The molecular geomicrobiology of bacterial 

manganese(II) oxidation. In: Barton LL, Mandl M and Loy A. (eds.). Geomicrobiology: 

molecular and environmental perspective. Dordrecht: Springer, 285-308. 

Templeton, A. and Benzerara, K. (2015). Emerging frontiers in geomicrobiology. Elements, 

an international magazine of mineralogy, geochemistry and petrology 11, 423-429. 

Tewari PH (ed.). 1981. Adsorption from aqueous solutions. New York: Plenum Press. 



62 
 

Toner, B., Manceau, A., Webb, S.M. and Sposito, G. (2006). Zinc sorption to biogenic 

hexagonal-birnessite  particles within a hydrated bacterial biofilm. Geochim Cosmochim 

Acta 70, 27-43. 

Turekian, K.K. and Wedepohl, K.L. (1961). Distribution of the elements in some major units 

of the Earth’s crust. Geol Soc Am Bull 72, 175-192. 

Tyler, P.A. and Marshall, K.C. (1967). Microbial oxidation of manganese in hydro-electric 

pipelines. Antonie van Leeuwenhoek J Microb 33,171-183. 

Van Veen, W. L., Mulder, E. G., and Deinema, M. H. (1978). The Sphaerotilus-Leptothrix 

group of bacteria. Microbiol Rev 42, 329-356. 

Villalobos, M., Toner, B., Bargar, J. and Sposito, G. (2003). Characterization of the 

manganese oxide produced by Pseudomonas putida strain MnB1. Geochim Cosmochim Acta 

67, 2649-2662. 

Villalobos, M., Lanson, B., Manceau, A., Toner, B. and Sposito, G. (2006). Structural model 

for the biogenic Mn oxide produced by Pseudomonas putida. Am min 91, 489-502. 

Webb, S.M., Dick, G.J., Bargar, J.R. and Tebo, B.M. (2005a). Evidence for the presence of 

Mn(III) intermediated in the bacterial oxidation of Mn(II). PNAS 12, 5558-5563. 

Webb, S.M., Tebo, B.M. and Bargar, J.R. (2005b). Structural influences of sodium and 

calcium ions on the biogenic manganese oxides produced by the marine Bacillus sp. strain 

SG-1. Geomicrobiol J 22, 3-4. 

Wilson, D.E. (1980). Surface and complexation effects on the rate of Mn(II) oxidation in 

natural waters. Geochim Cosmochim Acta 44, 1311-1317. 

Wu, X., Pedersen, K., Edlund, J., Eriksson, L., Åström, M., Anderssson, A.F., Bertilsson, S. 

and Dopson, M. (2017). Potential for hydrogen-oxidizing chemolithoautotrophic and 

diazotrophic populations to initiate biofilm formation in oligotrophic, deep terrestrial 

subsurface waters. Microbiome 5, 37. 



63 
 

Yang, W., Zhang, Z., Zhang, Z, Chen, H., Liu, J., Ali, M., Liu, L. (2013). Population 

structure of manganese oxidizing bacteria in stratified soils and properties of manganese 

oxide aggregates under manganese-complex medium enrichment. PLoS ONE 8, 9. 

Yu, Y., Lee, C., Kim, J. and Hwang, S. (2005). Group-specific primer and probe sets to 

detect methanogenic communities using quantitative real-time polymerase chain reaction. 

Biotechnol Bioen 89, 679-79. 

Yu, Q., Sasaki, K., Tanaka, K., Ohnuki, T. and Hirajima, T. (2012). Stuctural factors of 

biogenic birnessite produced by fungus Paraconiothyrium sp WL-2 strain affecting sorption 

of Co
2+

. Chem Geol 310-311, 106-113. 

Yu, Q., Ohnuki, T., Tanaka, K., Kozai, N., Yamasaki, S., Sakamoto, F. and Tani, Y. (2016). 

Fungus-promoted transformations of lanthanides during the biooxidation of divalent 

manganese. Geochim Cosmochim Acta 174, 1-12. 


