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Abstract 

 

Iron-rich pelagic aggregates of microbial origin named “iron snow” are formed in 

the water column of some acidic lignite mine lakes. We investigated the evolution of Fe 

mineralogy across the oxycline of the Lusatian lake 77, Germany at two sampling sites 

differing by their pH and mixing profiles. The central basin (CB) of this lake shows a 

dimictic water regime with a non-permanent anoxic deep layer and a homogeneous 

acidic pH all over the water column (pH 3). In contrast, the northern basin (NB) is 

meromictic with a permanently anoxic bottom layer and a pH increase from pH 3 in the 

mixolimnion (superficial part of the lake) to pH 5.5 in the monimolimnion (anoxic 

bottom layer). Fe minerals above and below the oxycline were identified using X-ray 

Absorption Spectroscopy (XAS) at the Fe K-edge and further characterized down to the 

atomic scale by High Resolution Transmission Electron Microscopy (HRTEM) and 

Scanning Transmission Electron Microscopy (STEM) coupled to Energy Dispersive X-ray 

Spectroscopy (EDXS). We explored local Fe redox state and C speciation using Scanning 

Transmission X-ray Microscopy (STXM) at the Fe L2,3-edges and C K-edge. 

Schwertmannite [Fe8O8(OH)8-2x(SO4)x] identified as the sole Fe mineral in CB, was 

polycrystalline, consisting in the aggregation of nanodomains of 2-3 nm each one 

exhibiting the crystal structure of schwertmannite. In contrast, schwertmannite was 

partly (40%) converted to aluminous ferrihydrite when reaching the oxycline in NB. 

This mineralogical transformation was most probably due to a combination of abiotic 

and microbial anaerobic processes promoting pH increase and release of Fe(II) (e.g. via 

heterotrophic Fe(III) reduction) that induce the catalytic hydrolysis of schwertmannite 

to ferrihydrite. Mineral products were stabilized in the monimolimnion by the 
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adsorption of aluminum, silicate and organic matter. Noteworthy, local Fe redox state 

heterogeneities were observed, with a few areas enriched in Fe(II) as evidenced by 

STXM analyses at the Fe L2,3-edges. These local redox heterogeneities could arise from 

microbial activity (e.g. Fe(III) and/or sulfate reduction). All these results provide an in-

depth mineralogical overview of iron phases forming in Lake 77 as a basis for future 

investigations of microbial vs. abiotic parameters controlling their stability and 

transformation.  

 

Keywords: schwertmannite; mine lake; iron snow; STXM; HRTEM; iron reducing 

bacteria; biomineralization 
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1. Introduction  

 

From early Earth to modern environments, oxidative weathering of Fe sulfides 

has been a major source of acidity and has supplied high amounts of dissolved sulfate 

and iron species to surface waters. This process was indeed active since the Archean, as 

suggested by the Cr isotope record around the Great Oxidation Event (Anbar et al., 2007; 

Crowe et al., 2013; Konhauser et al., 2011; Reinhard et al., 2013). Nowadays similar 

processes take place at acid rock or mine drainages (Lu and Wang, 2012) or in acidic 

lignite mine lakes (Blodau, 2006).  

In such ferruginous environments, Fe(III) minerals precipitate massively. For 

instance iron oxyhydroxide and oxyhydroxysulfate precipitates are emblematic of acid 

rock drainages such as those located in the Iberian Pyrite Belt (Fernández-Remolar et 

al., 2005; Sánchez España et al., 2005). Another example of such iron mineralization 

occurs in acidic lignite mine lakes formed in former coal mine pits (Blodau, 2006; Küsel, 

2003). They exhibit high rates of Fe(II) oxidation leading to massive precipitation of 

Fe(III)-bearing minerals, in the form of iron-rich aggregates termed “iron snow” (Reiche 

et al., 2011). 

The nature of Fe-bearing phases occurring in such environments is strongly pH 

dependent. Schwertmannite [Fe8O8(OH)8-2x(SO4)x; 1 ≤ x ≤ 1.75] (Bigham et al., 1994) 

and/or jarosite [(H, K, Na)Fe3(OH)6(SO4)2)] are usually predominant under acidic 

conditions (pH 2.8-4.5) (Bigham et al., 1996), whereas at higher pH, ferrihydrite and/or 

goethite are more stable (Bigham et al., 1996; Gagliano et al., 2004; Sánchez-España et 

al., 2012, 2011). This diversity of Fe minerals plays a key role in controlling heavy 

metal(loid)s mobility (Burgos et al., 2012; Morin and Calas, 2006; Nordstrom, 2011). For 

instance, schwertmannite as well as mixed Fe and As oxyhydroxysulfates are known to 
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efficiently scavenge arsenic in acid mine drainages (Carlson et al., 2002; Maillot et al., 

2013; Morin et al., 2007, 2003). However the mechanisms controlling the precipitation 

and stability of these various mineral species are not fully understood. In particular, 

although the atomic structure of nanocrystalline schwertmannite has been elucidated 

using pair distribution function analysis (Fernandez-Martinez et al., 2010), the 

nanoscale structure (French et al., 2012; Hockridge et al., 2009), composition and 

stability (Caraballo et al., 2013; Regenspurg et al., 2004) of this phase remain a matter of 

debate.   

Beyond abiotic factors (pH, redox potential, saturation state), microbial 

parameters contribute to the formation and/or stabilization of such Fe minerals. Many 

acidophilic Fe-cycling bacteria are part of the microbial diversity in these environments 

(Bonnefoy and Holmes, 2012; Johnson et al., 2012; Küsel, 2003) and retrieve energy 

from Fe(II) oxidation (Nordstrom and Southam, 1997). This leads to Fe minerals closely 

associated with microbial organic matter in acidic ferruginous environments (Benzerara 

et al., 2008; Clarke et al., 1997; Hedrich et al., 2011; Inskeep et al., 2004; Mori et al., 

2015; Ohnuki et al., 2004) and in laboratory cultures (Egal et al., 2009; Liao et al., 2009; 

Morin et al., 2003; Sandy Jones et al., 2014; Xu et al., 2014; Zhu et al., 2013). Fe 

mineralogy may furthermore be modified through the activity of Fe(III)-reducing and 

sulfate-reducing microorganisms reported in such acidic environments (e.g. Bingjie et 

al., 2014).  

Redox gradients are prone to the activity of such Fe cycling microbes and thus to 

Fe mineral (trans)formation. Whereas the oxycline is usually located within the 

sediment, this redox transition zone is present within the water column of some 

meromictic ferruginous lakes exhibiting either neutral (Crowe et al., 2008; Viollier et al., 

1997) or acidic pH (Blodau, 2006; Reiche et al., 2011) that share analogies with early 
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Earth environments (Busigny et al., 2014; Canfield et al., 2008). This oxycline is 

inhabited by a diversity of microbes involved in the Fe redox cycle (Crowe et al., 2008; 

Lehours et al., 2009, 2007, 2005; Lu et al., 2013, 2010; Walter et al., 2014), some of 

which are potentially involved in the biomineralization of Fe-bearing phases (Cosmidis 

et al., 2014; Llirós et al., 2015; Lu et al., 2013; Miot et al., 2016). Interplay of Fe(II)-

oxidizing and Fe(III)-reducing bacteria might thus contribute to the control of Fe 

mineralogy. 

Estimating the respective contributions of abiotic vs. microbial processes in 

controlling Fe mineralogy in redox transition zones remains a critical issue. As a first 

stage towards understanding these mechanisms, we performed an in-depth study of Fe 

mineralogy across the oxycline of a lignite mine lake (Lusatian Lake 77, Germany). This 

lake is characterized by an acidic pH and high dissolved Fe(II) (up to 12 mM in the 

bottom water) and sulfate (up to 30 mM) concentrations, arising from Fe sulfide 

oxidative weathering (Blodau, 2006; Küsel, 2003). It is composed of two basins: the 

northern basin (NB) is meromictic, i.e. permanently stratified with a deep anoxic layer 

(monimolimnion), whereas the central basin (CB) is dimictic, i.e. undergoes mixing in 

spring and autumn. A diversity of chemoautotrophic iron oxidizers and heterotrophic 

iron reducers have been identified as active players of the Fe biogeochemical cycle 

around the redoxcline of this lake (Lu et al., 2013). In the present study, we used X-ray 

absorption spectroscopy at the Fe K-edge to determine the nature of Fe minerals, 

including amorphous or poorly crystalline phases. In addition, we combined high 

resolution transmission electron microscopy (HRTEM) and synchrotron-based scanning 

transmission X-ray microscopy (STXM) to investigate the speciation of iron and 

associated organic matter down to the nanometer scale. Our results open a discussion of 

the stability of Fe minerals across the oxycline of Lake 77.  
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2. Materials and Methods 

 

2.1. Lake characteristics and sampling 

 

The acidic lignite mine Lake 77 is located in the Lusatian mining area in east-central 

Germany and was formed after mining activity had stopped in 1960. The lake is 

composed of two basins: (a) the central basin (CB)  exhibits a dimictic water regime with 

a full circulation of the water in spring and autumn and (b) the smaller meromictic 

northern basin (NB) has a deep permanently anoxic water body that is not influenced by 

lake circulation (Fleckenstein et al., 2009; Reiche et al., 2011). The bottom water of the 

NB has higher pH value, conductivity and dissolved Fe(II) and sulfate concentrations 

probably due to the inflow of less acidic contaminated groundwater (Fleckenstein et al., 

2009; Neumann et al., 2013; Reiche et al., 2011). At each sampling time, pH, 

temperature, conductivity and dissolved oxygen content of the lake water were 

measured over depth with a multi-parameter probe (YSI Pro Plus, YSI, USA). The 

polarographic dissolved oxygen probe was calibrated with air-saturated water. The 

resolution for this probe is 0.01 mg.L-1 and the accuracy 0.2 mg.L-1 in the range 0-20 

mg.L-1. The pH-meter probe was calibrated by typical two-point calibration, using 

buffers at pH 4.0 and 7.0. The resolution of this probe is 0.01 units and the accuracy 0.2 

units. The decline of the oxygen concentration marked the oxycline. To collect iron rich 

pelagic aggregates (“iron snow” particles) at different redox conditions, water samples 

were taken in November 2013 from 6-m depth at CB (after miximng of the CB) and from 

above, within and below the oxycline (4.5 m, 5.5 m and 6 m depth) at NB. In September 

2014, water samples were taken before mixing of the CB from above, within and below 
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the oxycline (5 m, 5.6 m and 6 m depth) and at NB from 4.3 m, 4.9 m and 6 m depth. 

Water samples were collected using a Ruttner water sampler and filled into bottles pre-

flushed with nitrogen gas to avoid further oxygenation, sealed and transferred to 

laboratory in a cooling box. Bottles were opened in an anaerobic chamber (O2< 0.2%) 

and iron snow particles were transferred to smaller bottles after sedimentation, then 

kept under cool conditions until further analyses. O2 contamination is expected to 

remain limited given the methods used for sampling and given the slow kinetics of Fe(II) 

oxidation at the acidic pH of the lake water. For samples from NB (September 2014), 

concentrations of dissolved Fe(II) were measured spectrophotometrically using the 

phenanthroline method (Tamura et al., 1974). Sulfate concentration was measured 

turbidimetrically by the barium-chloride method (Tabatabai, 1974).  

 

 

2.2. X-ray Absorption Spectroscopy  

2.2.1. Sample preparation  

 

For XAS analyses, samples from September 2014 exhibiting the highest content in 

particulate matter (CB-6.0m-2014, NB-4.9m-2014, NB-6.0m-2014) were prepared in an 

anoxic glovebox (pO2 < 50 ppm). Water samples were centrifuged at 7000 g 15 min, 

then rinsed twice in deoxygenated mQ water (with pH adjusted at the lake water pH 

using HCl) and vacuum dried. The powder was gently grinded in an agate mortar and 

pressed as pellets in mixture with appropriate amount of cellulose in order to obtain 

absorption edge height (∆µx) as close as possible to one.  

 

2.2.2. XAS data collection and analyses 
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Fe K-edge XAS spectra of the lake samples were recorded at 77 K in transmission 

detection mode at the XAFS beamline (ELETTRA, Italy), using a Si(111) double-crystal 

monochromator. Energy was calibrated by setting to 7112 eV the first inflexion point of 

Fe-foil K-edge recorded in double-transmission setup. The spectra were merged and 

normalized using the Athena program (Ravel and Newville, 2005) and Extended X-ray 

Absorption Fine Structure (EXAFS) data were extracted using the XAFS program 

(Winterer, 1997). X-ray Absorption Near Edge Structure (XANES) and k3-weighted 

EXAFS spectra were analyzed using a linear combination fit (LCF) procedure thanks to a 

custom-built software based on the Levenberg-Marquardt minimization algorithm. For 

this LCF analysis, we used experimental spectra from a large set of Fe-mineral model 

compounds (Cosmidis et al., 2014; Maillot et al., 2013, 2011; Noël et al., 2014), among 

which the following were retained in the fits: 2-line ferrihydrite (Maillot et al., 2011), Al-

ferrihydrite (Al/Fe = 0.44) and Si-ferrihydrite (Si/Fe ~ 0.8) (Adra et al., 2013), 

schwertmannite (Adra et al., 2013; Maillot et al., 2013). These reference compounds are 

referred to as Fh, Fh-Al, Fh-Si and Schw in the following text, respectively. LCF fit quality 

was estimated by a reduced chi-square   
  

    

                 
 
 

  
                          

  , 

where Nind = (2∆k∆R)/) is the number of independent parameters, Np is the number of 

fitting components for which a fraction p is refined, Npoints the number of data points and 

 is the measurement uncertainty (Ravel and Newville, 2005). The  value was estimated 

as the root mean square of the Fourier back-transform of the data in the 15-25 Å R-

range.  Uncertainty on each refined parameter p was estimated as             
  
  , where 

VAR(p) is the variance of parameter p returned by the Levenberg–Marquardt routine for the 

lowest   
 . 
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2.3. Transmission Electron Microscopy 

 

For Transmission Electron Microscopy (TEM) analyses, lake water samples were 

centrifuged in an anoxic glovebox (p(O2)<50 ppm) and rinsed twice with deoxygenated 

mQ water (with pH adjusted to the lake water pH). A drop of sample was deposited on 

200-mesh Formvar carbon-coated or Lacey carbon-coated copper TEM grids. TEM grids 

were kept under anoxic conditions until transfer to the TEM chamber and analyses.  

TEM, High Resolution TEM (HRTEM), Scanning Transmission Electron 

Microscopy (STEM) and Energy-Dispersive X-ray Spectroscopy (EDXS) were performed 

with a JEOL 2100F Microscope, operating at 200 kV. STEM analyses were conducted in 

high angle annular dark field (HAADF) mode. EDXS maps were acquired  in STEM 

HAADF mode, with a focused electron beam (1 – 1.5 nm). Selected area diffraction 

(SAED) patterns were obtained on areas of interest.  

 

2.4. Scanning Transmission X-ray Microscopy 

 

Samples were analysed using Scanning Transmission X-ray Microscopy (STXM) at 

the Fe L2,3-edges and C K-edge (Cosmidis and Benzerara, 2014). Samples were prepared 

as described earlier (Miot et al., 2009a; Miot et al., 2014). Briefly, samples were 

centrifuged and rinsed in the glovebox as for TEM preparation. A drop of sample was 

then deposited in between two Si3N4 windows (Norcada, Canada). As prepared Si3N4 

sandwiches were then kept in anoxic aluminum pockets for transfer to the synchrotron. 

The microscope chamber was flushed with N2 before and during transfer of the sample 

holders. Analyses were performed either under vacuum or under He atmosphere to 

prevent sample oxidation.  
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Part of the STXM analyses at the Fe L2,3-edges were performed at the Swiss Light 

Source (SLS, Villigen, Switzerland) on the PolLuX beamline. Part of analyses at the Fe 

L2,3-edges and all analyses at the C K-edge were performed at the Canadian Light Source 

(CLS, Saskatoon, Canada). Additional information on PolLux and SM beamlines can be 

found in (Bernard et al., 2007) and in (Kaznatcheev et al., 2007), respectively. Energy 

scales for this study were calibrated using the well-resolved 3p Rydberg peak of gaseous 

CO2 for the C K-edge and the major peak of hematite at 708.5 eV for the Fe L3-edge. Data 

were acquired at the C K-edge and Fe L2,3-edges as described in (Miot et al., 2009a). Data 

(stacks and Near-Edge X-ray Absorption Fine Structure (XANES) spectra) were 

processed using the aXis2000 software package (Hitchcock, 2001) as described in (Miot 

et al., 2009a). More recent analytical details on STXM data processing for the 

determination of Fe redox state can be found in (Bourdelle et al., 2013).  

 

3. Results 

 

3.1. Water column chemistry and XAS analyses of bulk Fe mineralogy with depth  

 

 Water of lake 77 had the typical characteristics of a lignite mine lake with  low pH 

(Fig. 1). In addition, this lake has been shown to display high concentrations of dissolved 

Fe(II) and sulfate (Reiche et al., 2011) (Fig. A.1). CB water of November 2013 was 

homogeneous over depth after autumn circulation (Fig. 1A) with a pH of 2.8 throughout 

the oxic water body. The oxygen content declined only slightly from 250 mol.L-1 to 215 

mol. L-1 above the sediment. In contrast, lake stratification was still present in NB as 

indicated by the sharp decline in O2 concentration to less than 6 mol.L-1 from 5.2 to 5.7-

m depth. The pH of the upper water body showed characteristics similar to CB water 
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with a pH of 2.8, whereas the separated anoxic hypolimnion had a pH of 5.4 and slightly 

more elevated temperature and conductivity (Fig. 1B).  

In September 2014, the acidic CB water body was stratified (Fig. 1C), with an oxycline 

extending from 4.8 down to 6-m depth, where dissolved oxygen reached less than 6 

mol.L-1). The oxycline in NB had moved up to 4.2 to 4.7-m depth (Fig. 1D) associated 

with sharp gradients of pH reaching a maximum value of 5.5 in the anoxic hypolimnion. 

Dissolved Fe(II) and sulfate concentrations measured in NB in September 2014 

increased up to 10.7 mmol.L-1 and 28.3 mmol.L-1 respectively in the hypolimnion (Fig. 

A.1), in accordance with previously published more extensive geochemical analyses of 

NB (and CB) water columns (Reiche et al., 2011).  

The mineralogy of Fe bearing phases was investigated as a function of depth at 

these two basins in September 2014. X-ray Absorption Spectroscopy (XAS) at the Fe K-

edge provided insight into the nature of Fe minerals, including amorphous or poorly 

crystalline phases (Fig. 2). The spectra of the samples collected in the mixolimnion of NB 

(i.e., above the oxycline, NB-4.9m-2014) and in the hypolimnion of CB (i.e., below the 

oxycline, CB-6.0m-2014) were rather similar based on Linear Combination Fits (LCF) of 

their EXAFS and XANES spectra indicating that 100% of the iron was present as 

schwertmannnite (Fig. 2). In contrast, a major ferrihydrite contribution was observed in 

the monimolimnion of NB (i.e. below the oxycline, NB-6.0m-2014). The best fit (2R = 

0.21) of NB-6.0m-2014 EXAFS spectrum was obtained with a combination of 40 ± 6% 

schwertmannite and 61 ± 8% aluminous ferrihydrite (Fig. 2). Other fit solutions 

including a combination of schwertmannite (Schw) with 2-line ferrihydrite (Fh) or with 

Si-bearing ferrihydrite (Fh-Si) were acceptable but gave slightly poorer fits (Fig. A.2). 

However, Fh and Fh-Si local structures were likely present in the CB-6.0m-2014 iron 

precipitate, though their proportions cannot be determined with enough accuracy. 
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Indeed, including Fh or Fh-Si as a third fitting component in addition to Schw and Fh-Al 

gave slightly better match to the data than the two-component fit solution but did not 

significantly improve the reduced chi2 value (Fig. A.2). Fit solutions using goethite 

instead of schwertmannite were systematically of poorer quality, knowing that the 

EXAFS spectra of these two phases can be clearly distinguished over the large k-range 

investigated here (Fig. A.3). Moreover, for the three studied samples, attempts to include 

goethite (Gt) as a fitting component were unsuccessful when schwertmannite was also 

included as a component. In this case, the fitted goethite proportion systematically 

vanished. These results indicate that goethite was absent from the samples studied.  

 

3.2. STXM analyses of Fe and C speciation down to the sub-micrometer scale 

 

To get further insight into the speciation of Fe down to the sub-micrometer scale, 

we performed STXM analyses at the Fe L2,3-edges. As the core of schwertmannite 

particles was very thick, saturation effects prevented us to accurately determine its Fe 

redox state. Nevertheless, areas at the periphery of the schwertmannite particles or 

isolated thinner particles could be analyzed accurately. We observed notable differences 

from one sample to another. Based on their XANES Fe L2,3-edges spectra, all areas 

analyzed in samples from NB (November 2013 and September 2014) exhibited a mostly 

Fe(III) redox state (Fig. 3). But a few particles from the monimolimnion of NB exhibited 

a mixed Fe valence state, with an estimated FeII/(FeII+FeIII) ratio up to  ½ in some 

areas (Fig. 3). Although this result was only obtained on a few particles this suggests 

that the redox state of Fe may locally shift to reduced Fe valence below the oxycline in 

NB. In contrast, we were not able to find particles with FeII/(FeII+FeIII) ratios higher 
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than 20% in the samples collected below the oxycline of CB (in November 2013 and 

September 2014) (Fig. 4).  

 

Using TEM, some bacteria were observed in close proximity with the Fe minerals 

(Fig. 5A-B). In order to localize them more accurately and explore C speciation, we 

conducted STXM analyses at the C K-edge on selected samples from NB and CB in 

September 2014. Fe minerals were associated with high amounts of organic matter. In 

particular, multiple bacteria could be localized in association with the Fe-rich aggregates 

(Fig. 6). Their C K-edge XANES spectra exhibited a maximum of absorbance at 288.2 eV 

corresponding to the 1s→ * electronic transitions of amide bonds, usually attributed to 

maximum absorption of the peptidic bonds in proteins. Maxima at 285 eV and 287 eV 

could be attributed to alkene (C=C) and aliphatic (C-C) or carbonyl (C=O) functionnal 

groups respectively. These XANES spectra were thus fully consistent with the signature 

of bacteria (Benzerara et al., 2004). In addition, the large peak in the 288-290 eV region 

may include contributions of 1s→ * electronic transitions of carboxylic functions at 

288.6 eV (Miot et al., 2009b) as well as 1s→ * electronic transitions of alcohol groups at 

289.2 eV (Bernard et al., 2010) consistent with the maximum absorption of reference 

polysaccharidic compounds. Extracellular polymeric substances (EPS) were thus 

present as well, in accordance with the large amount of organic matter exhibiting no 

specific bacterial morphology and associated with Fe precipitates (Fig. 6).  

 

3.3. Properties of Fe minerals down to the atomic scale 

  

Schwertmannite particles composing iron snow from CB and NB consisted in 

aggregates of needles. High resolution TEM analyses of needles from CB yield either 
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poorly crystalline (at 5.6-m depth, Fig. 7A-B) or nanocrystalline (at 6.0-m depth, Fig. 7C-

D) electron diffraction patterns. FFT pattern in Fig. 7D yield d-spacings at 2.5 and 1.95 Å 

consistent with the (212) and (113) planes of schwertmannite. Noteworthy, fringes in 

the HRTEM images could only be observed in areas of a few nm (2-5 nm), showing that 

the needles were composed of multiple nanocrystals adjacent to each other. In addition, 

needles exhibited an amorphous layer on their periphery. These samples had 

homogeneous chemical compositions, with S/Fe atomic ratios consistent with 

schwertmannite (e.g. S/Fe = 0.12 as shown by EDXS in sample NB4.9m-2014, Fig. 8A-D). 

Consistently with XAS and STXM analyses, the mineralogy of samples collected in CB and 

in the epilimnion of NB was thus very homogeneous and restricted to schwertmannite.  

 

In contrast, particles collected from the monimolimnion of NB (6.0-m depth) 

exhibited two types of morphologies (Fig. 5C-E):  

(1) “Hedgehog” thick particles, consisting in aggregates of needles (typical 

schwertmannite texture, (Cornell and Schwertmann, 2003)). Each needle measured a 

few nm in thickness and a few hundreds of nm in length. These aggregates exhibited 

either amorphous or polycrystalline electron diffraction patterns (Fig. 5D-E). 

Polycrystalline patterns were consistent with schwertmannite. For example needles 

from hedgehog particles presented in Fig. 9A-B had d-spacings of around 3.3 Å, 

consistent with the (310) planes of schwertmannite. FFT patterns were also consistent 

with a schwertmannite structure (Fig. 9C).  

(2) Round particles of around 50 nm in diameter exhibited systematically an 

amorphous electron diffraction pattern. As shown by STEM imaging and EDXS mapping, 

these round particles were associated with electron dense nanoparticles of around 4-10 

nm in diameter at their surfaces (Fig. 8E-F). EDXS analyses indicated that these electron 
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dense nanoparticles have a higher S/Fe ratio (S/Fe=0.2) than the electron lighter 

particles measuring 50 nm in diameter (S/Fe = 0.08) (Fig. 8G-H). Although the 

morphology of these electron dense nanoparticles was not consistent with 

schwertmannite needles, their S/Fe atomic ratios were consistent with the chemical 

composition of schwertmannite. In addition, S-rich and S-poor particles exhibited 

similar Si/Fe (Si/Fe = 0.2) and Al/Fe ratios (Al/Fe = 0.1 to 0.15). Finally, HRTEM 

indicated that the electron dense nanoparticles exhibited a schwertmannite structure. 

For instance, the particles from Fig. 9D-F had d-spacings consistent with the (310) and 

(212) planes of schwertmannite at 3.39 and 2.55 Å respectively. In contrast, the electron 

lighter S-poor particles were systematically amorphous (Fig. 9D-E). In summary, besides 

schwertmannite needles, the NB-6.0m-2014 sample contained electron dense S-rich 

(S/Fe consistent with schwertmannite composition) nanoparticles (4-10 nm in 

diameter) exhibiting a schwertmannite crystal structure associated with amorphous S-

poor larger (50 nm in diameter) particles. 

 

4. Discussion 

 

4.1. Schwertmannite, a major polycrystalline mineral phase in lake 77 

 

Chemical conditions in Lausatian lake 77 (low pH (Fig. 1) and high 

concentrations in dissolved Fe(II) and sulfate (Reiche et al., 2011) (Fig. A.1)) are 

predicted to promote the formation of schwertmannite (Bigham et al., 1996). Given the 

acidic conditions of the lake, this precipitation is mainly driven by microbial Fe(II) 

oxidation (Lu et al., 2013; Reiche et al., 2011) and EPS observed in association with 

schwertmannite particles might play a role in their nucleation (Hallberg, 2010; Hedrich 
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et al., 2011) (Fig. 6). Present XAS and TEM results indicated that schwertmannite was 

the predominant Fe mineral in the water column of this lake. It was the only phase 

detected by XAS in the epilimnion of both CB and NB and this phase remained 

predominant in the hypolimnion of CB in September 2014 (100% schwertmannite, Fig. 

2). These results are consistent with previous Raman analyses of iron snow from lake 77 

(Ciobotă et al., 2013). However, schwertmannite represented only 40% of the Fe-

bearing phases in the monimolimnion of NB in September 2014 (Fig. 2), with the other 

60% being in the form of ferrihydrite. In contrast, ferrihydrite was identified at 

extremely low concentrations in samples from the same sampling site using Raman 

spectroscopy (Ciobotă et al., 2013). This could be explained either by different chemical 

conditions in this deep part of the lake that is disconnected from the rest of the water 

column and/or by the difficulty to accurately distinguish ferrihydrite from 

schwertmannite using Raman spectroscopy (due to band overlap in the 700 cm-1 

region), especially in cases where schwertmannite and ferrihydrite are intimately 

associated down to the few nanometer-scale, as exemplified by present STEM and 

HRTEM analyses (Fig. 8-9).  

The structure and stability of schwertmannite have been deeply debated in the 

last years. Based on Pair Distribution Function (PDF) and X-ray diffraction (XRD) data, 

(Fernandez-Martinez et al., 2010) proposed that this mineral has an akaganeite-like 

structure, in which the frame of iron octahedra is deformed with respect to the ideal 

akaganeite structure. The similarity between the local structures of schwertmannite 

(Maillot et al., 2013) and akaganeite (Maillot et al., 2011) is supported by the similarity 

of their EXAFS spectra at the Fe K-edge (Adra et al., 2013; Waychunas et al., 1995). The 

short range (~3.5 Å) local structure around Fe3+ ion in akaganeite/schwertmannite is 

also similar to that in goethite (Maillot et al., 2013, 2011) with edge- and corner-sharing 
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linkage between FeO6 octahedra. However, the EXAFS spectra of small-particles goethite 

(MCD ~ 11-16 nm) differ from that of nanocrystalline akaganeite (MCD ~ 3-5 nm) / 

schwertmannite (MCD ~ 4-8 nm) (Maillot et al., 2013). This difference is caused by the 

decrease in crystallite size and also by the differences in medium-range structures (~ 

4.5-6.0 Å) that can be evidenced through distinct long distance single and multiple 

scattering paths observed in EXAFS data collected over a large k-range at cryogenic 

temperature (Maillot et al., 2013, 2011). This difference between the EXAFS spectra of 

schwertmannite and goethite is illustrated in Figs. A.1 and A.2, which indicate that the 

best match for sample NB-6.0m-2014 is obtained with schwertmannite mixed with 

ferrihydrite. The difference between the local structures of akaganeite/schwertmannite 

and that of ferrihydrite is even more pronounced, when comparing their EXAFS spectra 

at the Fe K-edge (Maillot et al., 2011) since ferrihydrite has kegging local structure that 

consists of octahedrally and tetrahedrally coordinated Fe3+ ions (Maillot et al., 2011; 

Michel et al., 2007).   

Different studies highlighted the heterogeneous structure and chemical 

composition of schwertmannite, which may account for its wide range of solubility 

products (from 10-5.8 to 10-39.5) (Bigham et al., 1996; Caraballo et al., 2013; Kawano and 

Tomita, 2001; Majzlan et al., 2004; Yu et al., 1999). On the basis of HRTEM observations, 

it has been proposed that schwertmannite would first form as an aggregate of 

ferrihydrite particles, that would thereafter grow needles consisting in packed 

nanocrystals of goethite (French et al., 2012; Hockridge et al., 2009). Local enrichment in 

sulfur was shown to be associated with the more structurally ordered nanodomains in 

schwertmannite particles (French et al., 2012). Such local sulfate enrichment may be 

explained by variations in the content of sulfate ions adsorbed at the surface of the 

mineral (Caraballo et al., 2009) or trapped within the channels formed by Fe octahedra 
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(Fernandez-Martinez et al., 2010). Based on such strong variations in S/Fe ratios in 

schwertmannite (Caraballo et al., 2013) have recently suggested that this mineral may 

be interpreted as a pseudo-solid solution. In contrast, some authors suggest that 

schwertmannite would not be a distinct mineral phase, but a mixture of ferrihydrite and 

goethite, with various amounts of adsorbed sulfate (Hockridge et al., 2009).  

In the present study, we observed schwertmannite needles of a few hundreds of 

nm in length and a few nm in width, falling within the size ranges previously reported 

for this mineral (Bigham and Nordstrom, 2000; French et al., 2012). Whereas STEM / 

EDXS analyses revealed homogeneous Fe and S distributions in these needle-like 

schwertmannite aggregates (Fig. 8A-D), HRTEM analyses revealed that they consisted in 

aggregates of nanodomains each one exhibiting the crystal structure of schwertmannite 

(Fig. 7). Noteworthy, XAS analyses indicated that no goethite was present in these 

samples (Fig. A.3). Consistently d-spacings measured on HRTEM images did not provide 

distances all consistent with goethite planes, thus indicating that local order was not 

attributable to goethite. Thus schwermannite particles from lake 77 appear to form as a 

specific phase, enriched in sulfate ions, growing by aggregation of nanodomains.  

 

4.2. Transformation of schwertmannite to ferrihydrite in lake 77 

 

In the monimolimnion of NB, schwertmannite transformed into ferrihydrite, as 

evidenced by XAS (Fig. 2) and HRTEM analyses (Fig. 9). This transformation may be 

accounted for by the higher pH value around 5.5 and partial neutralization of lake water 

below the oxycline (Fig. 1). Indeed, ferrihydrite and goethite are usual products of 

schwertmannite transformation at pH > 4.5-6.0 and it has been proposed that 

schwertmannite transformation to ferrihydrite / goethite could proceed either by 
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dissolution–reprecipitation or by local atomic rearrangement (Bigham et al., 1996; 

Burgos et al., 2012; Murad and Rojik, 2003; Sánchez-España et al., 2011). On the basis of 

recent PDF and EXAFS data on the structure of ferrihydrite (Maillot et al., 2011; Michel 

et al., 2007) and schwertmannite (Fernandez-Martinez et al., 2010; Maillot et al., 2013), 

it can be inferred that the similarities between the local structures of 

schwertmannite/akaganeite and goethite, with a similar hexagonal ABAB stacking of 

oxygen anions, could permit solid-state transformation. In contrast, the significant 

differences in short and medium-range local structures between 

schwertmannite/akaganeite and ferrihydrite (this latter phase having a double-

hexagonal ABAC anionic stacking) suggest that schwertmannite to ferrihydrite 

transformation proceeds via dissolution-reprecipitation.  

In the present study, HRTEM, STEM and EDXS analyses of the Fe precipitates in 

the monimolimnion of NB showed the presence of electron dense S-rich nanoparticles 

exhibiting a structure of schwertmannite that are embedded within an amorphous 

matrix (Fig. 8E-H, Fig. 9D-F). These nanoparticles could be relics of schwertmannite 

and/or transient phases between schwertmannite needles and ferrihydrite, the 

amorphous matrix being assigned to Al- and Si-containing ferrihydrite. These 

observations are consistent with a dissolution of schwertmannite accompanied by a 

release of the sulfate ions previously incorporated within the octahedral iron tunnel 

structure of schwertmannite or sorbed to its surface (Bigham et al., 1996), followed by 

the reprecipitation of Al- and Si-bearing ferrihydrite.  

Transformation of schwertmannite to goethite/ferrihydrite can be accelerated in 

the presence of dissolved Fe(II) and absence of O2 at near-neutral pH (Burton et al., 

2008, 2007), i.e. under conditions similar to those of the monimolimnion water in NB 

(up to 12 mmol.L-1 dissolved Fe(II), no O2, up to pH 5.5, Figure A.1). Indeed, an inflow of 
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less acidic, Fe(II)- and sulfate-rich groundwater (pH 3.8, 3.5 mmol.L-1 dissolved Fe(II), 

10 mmol.L-1 sulfate) has been reported in NB (Reiche et al., 2011) that would contribute 

to schwertmannite destabilization. In addition, organic matter associated with 

schwertmannite aggregates (Fig. 6) could be an attractive ecological niche for 

heterotrophs, such as acidophilic Fe(III)-reducers (Bertel et al., 2012; Blodau and 

Gatzek, 2006; Burton et al., 2013; Coupland and Johnson, 2008; Küsel et al., 1999) 

releasing additionnal Fe(II) as follows:  

 

C6H12O6 + 3 Fe8O8(OH)6(SO4) + 36 H+  6 HCO3- + 24 Fe2+ + 3 SO42- +  30 H2O (1) 

where C6H12O6 stands not only for glucose but also for a generic formula of 

organic matter. 

In NB, Fe(II) released by such a reaction would promote schwertmannite 

transformation to ferrihydrite through catalytic hydrolysis (Burton et al., 2008, 2007).  

Furthermore, we did not detect any iron sulfide, contrary to usual observations of 

mackinawite (FeS) or greigite (Fe3S4) resulting from Fe(II) reaction with H2S produced 

upon microbial sulfate reduction (Bertel et al., 2012; Burton et al., 2013). Low sulfate 

concentrations and highly acidic conditions would have prevented extensive microbial 

sulfate reduction in the water column of lake 77 (Blodau and Gatzek, 2006; Burton et al., 

2013) and instead promoted the transformation of schwertmannite to ferrihydrite with 

no or minor associated iron sulfide. This is consistent with the fact that Fe(II) could not 

be detected using bulk XAS analyses at the Fe K-edge (Fig. 2), indicating that Fe(II) 

would necessarily be present at low levels (< 10%) in the particulate matter (Seder-

Colomina et al., 2015). Nevertheless, although STXM analyses confirmed the 

predominance of Fe(III), we observed a few areas exhibiting local mixed Fe valence, 

with Fe(II)/(Fe(II)+Fe(III)) ratios up to 0.5 in NB and 0.2 in CB (Fig. 3 and Fig. 4). We 
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can hypothesize that these mixed valence Fe-bearing particles may contain minor 

amounts of Fe(II) phases associated with schwertmannite and/or ferrihydrite. For 

instance, available water chemistry data (Fig. A.1 and Reiche et al., 2011) indicate that 

NB monimolimnion is supersaturated with respect to siderite (SI~20). In contrast, 

potential formation of vivianite or Fe(II,III) phosphates (Cosmidis et al., 2014) would be 

necessarily limited to trace amounts, since the particulate matter contains less than 200 

ppm P (Lu et al., 2013). In addition, Fe redox state in the core of the thickest iron snow 

aggregates could not be determined using STXM because of thickness / saturation 

issues. If Fe(III) reducers inhabited the core of the iron snow aggregates in lake 77, we 

would thus have missed most of ferrihydrite and potential Fe(II) phases. Elucidating the 

links between microbial diversity and local Fe redox state / mineralogy within iron 

snow aggregates (Elliott et al., 2014) remains a critical issue that would deserve future 

in-depth investigations. 

In CB, no transformation of schwertmannite could be observed, most probably 

related to (i) the persistence of very acidic conditions (Fig. 1), (ii) the absence of Fe(II)-

rich groundwater inflow at this location (Reiche et al., 2011) and (iii) the short 

residence time of iron snow within the lake water column limiting the extent of 

microbial Fe(III) reduction (Lu et al., 2013; Reiche et al., 2011) all favorable to the 

stability of schwertmannite.  

 

4.3. Stability of schwertmannite and ferrihydrite in northern basin of lake 77 

 

The stability of schwertmannite is controlled by structural, thermodynamic and kinetic 

parameters. Transformation to crystalline goethite is usually observed upon 

neutralization (Bigham et al., 1996; Burgos et al., 2012) sometimes leading to the 
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production of traces of ferrihydrite in addition to goethite (Paikaray and Peiffer, 2012). 

Here, we did not observe the transformation of schwertmannite to goethite, but only to 

ferrihydrite in the monimolimnion of NB. Whereas goethite/ferrihydrite formation is 

thermodynamically favorable under conditions where schwertmannite precipitates, 

transformation of schwertmannite to goethite is kinetically controlled. These kinetics 

vary from hours to years depending on the studies and conditions (Acero et al., 2006; 

Burton et al., 2008, 2007; Knorr and Blodau, 2007; Regenspurg et al., 2004; 

Schwertmann and Carlson, 2005). The fast sedimentation rates of iron snow particles 

(only several hours for a single particle to settle through the whole water column) in 

lake 77 (Reiche et al., 2011) might be too short to allow the transformation of 

schwertmannite to goethite. However, we can not exclude that ferrihydrite conversion 

to goethite (Banfield, 2000; Burleson and Penn, 2006) might occur deeper in the NB 

water column, e.g. at the sediment/water interface  or within the sediment. In addition, 

transformation to goethite within the water column may be hindered by 

schwertmannite and ferrihydrite stabilization. Silicate (Anderson and Benjamin, 1985; 

Cornell et al., 1987), organic matter (Cornell and Schwertmann, 1979; Kodama and 

Schnitzer, 1977; Schwertmann, 1966) and phosphate (Barron et al., 1997) can sorb at 

the surface of ferrihydrite. In addition, silicate and aluminum may sorb onto 

schwertmannite (Collins et al., 2010). Given the high specific surface areas of these two 

minerals, such adsorption processes can immobilize a significant amount of these 

elements. In addition, although Al3+ cations could theoritically substitute for Fe3+ within 

the structure of schwertmannite, such substitution has not been reported so far, 

whereas aluminous ferrihydrite has been reported from both synthetic and natural 

origin (Adra et al., 2013; Cismasu et al., 2012). This difference is likely related to the 

higher solubility of Al3+ minerals than Fe3+ mineral phases within the stability field of 
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schwertmannite, i.e., at acidic pH. Accordingly, EXAFS analysis of ferrihydrite-

schwertmannite mixtures from acid mine drainage indicated the coexistence of 

aluminous ferrihydrite with aluminum-free schwertmannite (Adra et al., 2013). In the 

same way, silicate may modify the local ferrihydrite structure, by inhibiting double 

corner Fe-Fe linkages at 3.45 Å (Adra et al., 2013; Doelsch et al., 2003; Pokrovski et al., 

2003; Voegelin et al., 2010). In the present study Al and Si were associated with 

schwertmannite and ferrihydrite (Fig. 2 and 8). In addition, high amounts of organic 

matter were associated with Fe minerals (Fig. 6). Organic matter, aluminum and silicate 

sorbed to the surface of schwertmannite could limit its solubility and would thus 

prevent its transformation to goethite via dissolution-reprecipitation, in particular via 

Fe(II)-catalyzed hydrolysis (Collins et al., 2010; Jones et al., 2009). Moreover, it was 

shown that high levels of Al promote the stabilization of ferrihydrite and delay its 

transformation into more crystalline phases such as goethite (Adra et al., 2013; Taylor 

and Schwertmann, 1978). We thus suggest that schwertmannite transformation to 

ferrihydrite and further stabilization of ferrihydrite are mainly promoted by Al, Si and 

organic matter sorption at the surface of schwertmannite and by Si sorption and Al 

incorporation in neoformed ferrihydrite.  

 

5. Conclusions 

 

Schwertmannite was the main Fe mineral in the water column of lake 77. This 

mineral exhibited a polycrystalline structure, consisting in aggregates of adjacent 

nanodomains, each one exhibiting a schwertmannite crystallographic structure. 

Whereas this phase remained stable in the pH 3 hypolimnion of CB, it transformed to 

ferrihydrite in pH 5.5 monimolimnion of NB. The following scenario can be proposed to 
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explain this mineralogical transformation: (1) Fe(II) is supplied from a groundwater 

inflow (Reiche et al., 2011) as well as through microbial Fe(III) reduction below the 

oxycline (Lu et al., 2013). Both processes promote the catalytic hydrolysis of 

schwertmannite and its subsequent destabilization. (2) In addition, microbial Fe(III) 

reduction may consume acidity and enhance pH increase up to values incompatible with 

schwertmannite stability (Bigham et al., 1996). (3) Schwertmannite would thus 

transform into ferrihydrite via dissolution-reprecipitation, releasing sulfate. (4) 

Ferrihydrite would be stabilized with respect to goethite by incorporation of aluminum, 

and sorption of silicate and high amounts of organic matter. (5) At the same time, 

sorption of aluminum, silicate and organic matter at the surface of schwertmannite 

would prevent its complete transformation. (6) Low pH conditions as well as high 

sedimentation rates and relatively low sulfate concentrations would limit microbial 

sulfate reduction. (7) As a consequence, only low amounts of Fe(II) would react with H2S 

supplied by microbial sulfate reduction or with carbonate (e.g. released via microbial 

Fe(III) reduction) to precipitate in the form of reduced iron compounds such as iron 

sulfide or iron carbonate. Fe(II) bearing phases observed in the monimolimnion of NB 

would deserve more extensive analyses to clarify their nature and modes of formation.  
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Figure captions 

 

Figure 1. Geochemical profiles of CB (A and C) and NB (B and D) in November 2013 (A 

and B) and September 2014 (C and D): pH, dissolved oxygen (mg.L-1), conductivity 

(mS/cm) and temperature (°C). The NB has an anoxic monimolimnion throughout the 

year. Arrows next to the dissolved oxygen plots indicate sampling depths.  

 

Figure 2. Linear combination fits of Fe K-edge XANES (A) and EXAFS (B) spectra and 

corresponding Fast Fourier transforms (C) for samples from CB at 6.0-m depth (CB-

6.0m-2014) and from NB at 4.9-m (NB-4.9m-2014) and 6.0-m depth (NB-6.0m-2014). 

Reference spectra and their relative proportions retrieved from LCF are displayed. Black 

line: data; Red line: fit. 

 

Figure 3. STXM analyses at the Fe L2,3-edges of samples collected from NB at 4.3 (NB-

4.3m-2014), 4.5 (NB-4.5m-2013), 4.9 (NB-4.9m-2014) and 6.0 m depth (NB-6.0m-2013) 

respectively. (A): STXM map of the Fe component displayed in (C) on a particle from 

sample NB-4.5m-2013, (B): STXM map of the Fe component displayed in (C) on a 

particle from sample NB-6.0m-2013. (C): XANES spectra at the Fe L2,3-edges of samples 

collected at different depths compared with reference compound spectra (goethite and 

vivianite). 

 

Figure 4. STXM analyses at the Fe L2,3-edges of samples collected from CB at 5.0 (CB-

5.0m-2014) and 6.0 m depth (CB-6.0m-2013). (A, B): Fe maps of different particles from 

sample CB-6.0m-2013. (C): XANES spectra at the Fe L2,3-edges of samples collected at 5.0 
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(CB-5.0m-2014) and 6.0 m depth (CB-6.0m-2013) compared with reference compound 

spectra (goethite and vivianite FeII3(PO4)2•8H2O). 

 

Figure 5. TEM images of Fe-aggregates in sample NB-6.0m-2014. (A, B) : Bacteria 

associated with Fe rich particles. (C) Typical Fe-rich particles. (D, E) : Selected area 

diffraction patterns of particles circled in panel C. 

 

Figure 6. Evidences of bacteria associated with Fe-rich aggregates in NB-4.9m-2014 (A, 

B) and CB-5.0m-2014 (C, D). Organic carbon maps (288.2 – 280 eV) (A, C) and 

corresponding Fe maps (710.3 – 690 eV) (B, D). (E): XANES C K-edge spectra of 

reference organic compounds (albumin, xanthan, alginate) and of the bright areas boxed 

in A and C. 

 

Figure 7. HRTEM analyses of samples collected from CB at 5.6 m (CB-5.6m-2014) (A, B) 

and 6.0 m (CB-6.0m-2014) (C, D). Insets in (A) and (D) display FFT patterns 

corresponding to areas in white boxes. Inset in (C) is the SAED pattern obtained on 

needles from a « hedgehog » particle. 

 

Figure 8. STEM-HAADF imaging and EDXS analyses of samples from NB at 4.9 m (NB-

4.9m-2014) (A-D) and 6.0 m depth (NB-6.0m-2014) (E-H). (A, E, F): STEM images. (B, C, 

G) corresponding elemental maps (red: Fe, green: S). (D, H) EDXS spectra collected on 

needles in panel (A) (NB-4.9m-2014) and on the S-rich (electron dense spots) and S-

poor (electron light matrix) areas in panel F (NB-6.0m-2014).  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Figure 9. HRTEM analyses of NB-6.0m-2014. (A) TEM image of Fe-rich aggregates. (B) is 

a magnified image of the area enclosed in the black box in (A), showing a crystalline 

particle within an amorphous matrix. (D): typical hedegehog morphology of a 

schwertmannite particle. (E) is a magnified view of the area within the black box in (D) 

showing the extremity of a single needle. (C) and (F) display the FFT patterns of the 

areas enclosed in white boxes in (B) and (E). 

 

 

 

Appendices 

 

Figure A.1 : Geochemical profile of NB in September 2014: pH, dissolved oxygen (mg.L-

1), dissolved Fe(II) (mmol.L-1) and sulfate (mmol.L-1) concentrations. Arrows next to the 

dissolved oxygen plot indicate sampling depths. 

 

Figure A.2 : Linear combination fits of Fe K-edge EXAFS spectra (A) and corresponding 

Fast Fourier transforms (B) for samples from NB at 6.0-m depth (NB-6.0m-2014) using 

goethite in combination with various ferrihydrites as reference compounds.  Reference 

spectra and their relative proportions retrieved from LCF are displayed. Black line: data; 

Red line: fit. The best two-component fit was obtained with Schw and Fh-Al. However, 

other fit solutions with  Fh-Al or Fh-Si could not be excluded since they gave 2R values 

that did not statistically differ from that of the best fit, with regard to a F-test at 5% 

confidence interval (i.e. an improvement of 60% of the 2R  would be expected in our 

case to reject the null hypothesis). The three-component fit only slightly improved the 

2R value (0.18), which also fell below the significance limit of the F-test, and the 
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uncertainty on the fitted proportion of the two types of Fh was large. Thus, we did not 

retain this three-component fit solution. Other three-component fit solutions gave 

poorer results with  respect to the F-test.   

 

Figure A.3 : Linear combination fits of Fe K-edge EXAFS spectra (A) and corresponding 

Fast Fourier transforms (B) for samples from CB and NB at 6.0-m depth using either 

schwertmannite or goethite, alone and in combination with aluminous ferrihydrite, as 

fitting components.  Black line: data; Red line: fit. The fit solutions with schwertmannite 

systematically better matched the data than the ones with goethite. Indeed the Gt 

spectrum clearly mismatches the CB-6m spectrum. For the NB-6m sample, 2R is 

improved by 61% with the Schw fit solution and the better match to the data is 

especially obvious in the 3.5-5.5 Å R-range. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Fig. 8 
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Fig. 9 
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Fig. A1 
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Fig. A2 
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Fig. A3 
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