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Magnetotactic bacteria as a new model for P sequestration 
in the ferruginous Lake Pavin
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Abstract doi: 10.7185/geochemlet.1743

The role of microorganisms in the geochemical cycle of P has received 
great interest in the context of enhanced biological phosphorus removal 
and phosphorite formation. Here, we combine scanning and transmis-
sion electron microscopies, confocal laser scanning microscopy and 
synchrotron-based x-ray microfluorescence to analyse the distribution 
of P at the oxic-anoxic interface in the water column of the ferruginous 
Lake Pavin. We show that magnetotactic bacteria of the Magnetococca-
ceae family strongly accumulate polyphosphates and appear as P 
hotspots in the particulate fraction at this depth. This high accumula-
tion may be characteristic of this family and may also relate to the 
chemical conditions prevailing in the lake. As a result, these magneto-

tactic cocci can be considered as new models playing a potentially important role in the P geochemical cycle, similar to 
sulphide oxidising bacteria such as Thiomargarita and Beggiatoa but thriving in a ferruginous, poorly sulphidic 
environment. 
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Introduction

Magnetotactic bacteria (MTB) are a phylogenetically and meta-
bolically diverse group of bacteria biomineralising intracellular 
magnetites and/or greigites and moving along magnetic field 
lines. Since their discovery (Blakemore, 1975), they have been 
found in various environments worldwide including sediments 
and the water column of freshwater, marine and hypersa-
line habitats (Lefèvre and Bazylinski, 2013). Their abundance 
usually peaks at the oxic/anoxic boundary and they have been 
shown to be the dominant bacteria in some environments (e.g., 
Spring et al., 1993; Simmons et al., 2007). They have received 
much attention in the context of the search for ancient traces of 
life (e.g., Li et al., 2013). They sometimes contribute significantly 
to the sediment magnetic signal (Chen et al., 2014). However, 
their effective impact on geochemical cycles has been rarely 
assessed (Lin et al., 2014) except in a study by Chen et al. (2014) 
suggesting that MTB-associated Fe may provide a significant 
iron flux in some euxinic systems. 

Lake Pavin is a permanently stratified (meromictic) 
crater lake with a maximum depth of 92 m. The oxic/anoxic 
boundary is located within the water column, shifting in depth 

between ~50 to ~65 m depending on the efficiency of water 
mixing (Michard et al., 1994). In contrast with many perma-
nently stratified water bodies which are euxinic below their 
chemocline, the monimolimnion of Lake Pavin is ferruginous, 
i.e. sulphide-poor (<20 μM; Bura-Naki ’c et al., 2009) and Fe(II)-
rich (up to 1200 μM; Busigny et al., 2016). The P and Fe cycles 
are tightly coupled in the anoxic zone through precipitation of 
Fe phosphates, which impacts the concentration of dissolved 
P in the deep anoxic waters (Cosmidis et al., 2014; Fig. S-1).

Strong chemical gradients in the water column of Lake 
Pavin (Fig. S-1) parallel a broad diversity of mineral phases 
associated with microorganisms, including MTB (Miot et al., 
2016). Because the oxic–anoxic interface occurs within the 
water column of Lake Pavin, it is easily accessible compared to 
many other aqueous environments, where it is located within 
the sediments. We therefore studied MTB at the oxic-anoxic 
interface in Lake Pavin and particularly focused on their asso-
ciation with phosphorus.
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Results

MTB cells were detected by optical microscopy in non-sorted 
and magnetically-sorted samples collected between 53 and 
59 m depth. All MTB-containing samples were collected at a 
depth where O2 concentration was lower than the detection 
limit of the probe (Fig. S-1). Over the sampled depth range, 
total dissolved Fe, DIP and ΣH2S concentrations increased from 
0.2 to ~60 μM, 0.3 to ~20 μM and 0 to ~2.5 μM, respectively. 
MTB populations reached a maximum concentration of 1.4 
x 103 cells/mL. This can be compared to the total number of 
bacterial cells ranging between 2 x 106 and 9 x 106 cells/mL 

in the oxic-anoxic transition zone of Lake Pavin as estimated 
by Lehours et al. (2005). In the MTB population, small curved 
rods and large rods were observed, but the majority of MTB 
cells collected at the oxycline were cocci measuring ~2 μm in 
diameter. Several morphotypes of MTB cocci were observed: 
the most common contained 1) two chains of cuboctahedral 
magnetosomes, while some others contained 2) four magne-
tosome chains or 3) magnetite crystals not aligned as chains 

(Fig. 1). Many of these MTB cells contained two other types of 
electron dense granules: S-rich and P-rich granules. S-gran-
ules were not systematically observed, although granules that 
contained only S are shown by EDXS and measured up to 
~820 nm in diameter (Fig. S-2). In many MTB cocci, P-rich 
inclusions filled most of the volume of the cells (Figs. 1, S-2). 
P-granules contained Ca, K, Mg and P with varying relative 
abundances. Some MTB cells contained Mg-rich P-granules 
with relative abundances of Mg, P, K and Ca of 22.8 ± 4, 65.9 
± 3.2, 5.1 ± 3.1 and 6 ± 5.4 at. % (n = 37), respectively. Other 
MTB cells contained P-granules poorer in Mg and richer in Ca 
with relative abundances of Mg, P, K and Ca of 6.7 ± 2.5, 56 ± 
3.4, 1.5 ± 0.7 and 35.3 ± 1.9 at. % (n = 11), respectively. Similar 
P-granules have been classically interpreted as polyphosphates 
(polyP), which are linear polymers of orthophosphate linked 
by high energy phosphoanhydride bonds (Kornberg, 1995). 
The (K + Mg + Ca)/P ratio (<0.8) is suggestive of polyphos-
phates. Here, this interpretation was confirmed by DAPI 
staining (Figs. 2, S-3). 

Figure 1  Scanning transmission electron microscopy analyses of MTB cells at the oxic-anoxic interface in Lake Pavin. Top: STEM-
HAADF image showing a cluster of MTB cells. Magnetites are the brightest particles. Some cells contain two or four magnetite chains; 
some (bottom left) contain scattered magnetite. Polyphosphates appear as bright granules filling completely some of the cells (e.g., 
arrows). Bottom: EDXS maps.
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Figure 2  Correlative CLSM-SEM microscopy. (a) Overlay of fluorescence maps of DAPI-stained nucleic acid (blue) and polyphosphate 
(green). (b) SEM image in secondary electron mode of the same area. Brighter cells are filled with polyphosphates. (c) and (d) Close 
ups of areas seen in (b). Cells filled with polyphosphates contain bright magnetite chains (arrows). Scale bar is 1 μm for (c) and (d).

Phylogenetic analyses revealed that the dominant oper-
ational taxonomic units (OTU) from magnetically enriched 
samples were affiliated to Alphaproteobacteria and more 
specifically, the Magnetococcaceae family (Fig. 3). Based on a 
similarity threshold of 99 % on the whole 16S rDNA gene 
sequence for defining species, two different species of magne-
totactic cocci were detected. One species (8 clones, accession 
numbers KX270016-KX270023), represented the most abun-
dant MTB at the oxycline of Lake Pavin. The closest relatives 
were two magnetotactic cocci (GQ468510 and GQ468517) 
previously detected in the sediments of Lake Miyun (Beijing, 
China; Lin et al., 2010). A second species found in smaller 
proportions (accession number KX270015) was closely related 
to OTU 13, another magnetotactic coccus detected in Lake 
Miyun (GQ468512).

In order to better assess the significance of the phos-
phorus fraction carried by these MTB cells, total particulate 
matter (>0.2 μm) was collected at the Lake Pavin oxic-anoxic 
interface and analysed by synchrotron-based x-ray microfluo-
rescence (Fig. 4). The integrated fluorescence intensity at each 
pixel of the P map was linearly related to the amount of P. 
We identified 41 areas with high P contents (Fig. S-4). Some 
areas consisted of a single pixel, whereas others comprised as 
many as 40 contiguous pixels. All these areas were systemat-
ically re-analysed correlatively at higher spatial resolution by 
SEM. Eight of these P hotspots corresponded to polyP-loaded 

MTB cells (Fig. 4b,c,e,g,i-l; Fig. S-4). Four other less intense P 
hotspots were also polyP-loaded MTB cells (Fig. 4a,d,f,h). All 
the other P hotspots were Fe phosphate precipitates and no 
other microorganism was detected among these P hotspots 
(Fig. S-5). Altogether, the 12 polyP-loaded MTB cells iden-
tified by SEM harboured 0.6 % of the total P in the mapped 
area, which comprises a total of 21,336 pixels. Moreover, the 
P content measured on single MTB-containing pixels was 
between 6- and 23-fold higher than the median per pixel 
P content (Fig. S-6), providing a rough assessment of the P 
concentration factor in MTB compared to other cells. 

Discussion

Here, we show that some MTB accumulate polyP to a very high 
level, up to ~23-fold higher than most microbial cells found at 
the oxic-anoxic interface in the water column of Lake Pavin. 
High accumulation of polyP was previously documented for 
several, non-MTB, bacterial species belonging to Proteobac-
teria and Actinobacteria (e.g., Nakamura et al., 1995; He and 
McMahon, 2011). Such bacteria have been considered as crit-
ical actors for the removal of excess phosphorus from waste-
water (Tarayre et al., 2016) or the formation of marine P-rich 
sediments called phosphorites (Crosby and Bailey, 2012). 
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Figure 3  Maximum likelihood phylogenetic tree built based on 16S rDNA gene sequences of MTB clones from Lake Pavin (bold). It 
includes the closest related Magnetococcaceae found elsewhere. GenBank accession numbers are associated with clones/strains names. 
Nodes supported by a bootstrap value above 70 % are highlighted by a grey circle. Branch length is proportional to the number of 
base substitutions per site (see scale bar). 
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Figure 4  Correlative μ-XRF and SEM microscopy. Centre: XRF maps of P (red), Si (green) and S (blue). The brightest P spots were 
subsequently imaged by SEM. Many hotspots correspond to polyP-loaded MTB cells as shown in (a) to (l). Other hotspots were almost 
exclusively Fe phosphate precipitates (Fig. S-5).

Some magnetotactic cocci from Lake Baldwin, Cali-
fornia and Itaipu lagoon, Brazil resembling the MTB cells 
observed in Lake Pavin were also shown to form intracellular 
polyP inclusions, sometimes occupying a large part of their cell 
volume (Cox et al., 2005; Keim et al., 2005). This process is even 
more pronounced in Lake Pavin with some Magnetococcaceae 
cells fully filled with polyP. Here, the ability of these cells to 
swim along the magnetic field lines during magnetic enrich-
ment procedures suggests that they stay viable. 

Several functions have been suggested for polyP inclu-
sions such as a source of ATP, or a response to oxidative stress 
(Seviour et al., 2003). MTB cells containing large amounts of 
polyP in Lake Pavin were detected at depths where low extra-
cellular P concentrations (~0.7 μM at 54 m) were measured. 
Several environmental conditions have been shown to 

stimulate polyP accumulation/hydrolysis (e.g., Brock and 
Schulz-Vogt, 2011). Firstly, in wastewater treatments, addition 
of fatty acids or acetate under anoxic conditions triggers phos-
phate release by some polyP-concentrating bacteria (Comeau 
et al., 1986), while these bacteria accumulate polyP under oxic 
conditions (e.g., Karl et al., 2014). Oxic-anoxic cycles induce 
high polyP accumulation in these bacteria. Lake Pavin Magne-
tococcaceae may massively accumulate polyP by experiencing 
similar oxic/anoxic fluctuations, either by travelling vertically 
over short distances from the oxic to anoxic zone (and vice 
versa), or by being affected by seasonal depth shifts of the oxic/
anoxic boundary. Accumulation and hydrolysis of polyP may 
affect cell buoyancy as shown for other bacteria (Romans et al., 
1994) and favour downward movements after accumulation. 
Secondly, and alternatively, addition of sulphide under anoxic 
conditions triggers phosphate release by the sulphoxidising 
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bacteria Beggiatoa and Thiomargarita (Brock and Schulz-Vogt, 
2011), while these bacteria accumulate and keep high polyP 
contents under oxic conditions and anoxic sulphide-poor 
conditions. Interestingly, intracellular S-globules in some of 
Lake Pavin MTB cells suggest that these bacteria are sulphide 
and/or thiosulphate oxidisers, similar to the closely genetically 
related cultured Magnetococcus marinus strain MC-1 (Bazy-
linski et al., 2013). Whether Lake Pavin MTB are affected by 
sulphides similarly to Beggiatoa will have to be determined. 
If this is the case, sulphide concentrations are relatively low 
(<0.2 μM below 58 m) at the depth where Lake Pavin MTB 
were observed and could be a parameter explaining the high 
accumulation of polyP in MTB below the oxic/anoxic boundary 
in Lake Pavin. Analysing the polyP content of MTB cells at 
different depths throughout these chemical gradients would 
help in answering this question. 

Fe phases were suggested to control the P geochemical 
cycle in Lake Pavin (Busigny et al., 2016) via high affinity sorp-
tion at their surface. Alternatively, involvement of microorgan-
isms in the extracellular precipitation of Fe phosphates has 
been evidenced (Cosmidis et al., 2014; Miot et al., 2016). Here, 
MTB also couple the geochemical cycles of P and Fe through 
accumulation of two separate Fe and P intracellular reservoirs 
(polyP and magnetites).

The geochemical impact of polyP-accumulating bacteria 
has been particularly stressed in the context of wastewater 
treatment and the formation of phosphorites. In the first 
case, bacterial genera such as Pseudomonas and Acinetobacter 
play a predominant role in P accumulation in P-rich solu-
tions (Nathan et al., 1993). In the case of marine phosphorite 
formation, sulphoxidising bacteria have become major bacte-
rial models involved in the accumulation of low concentrations 
of P from the water column, before release in porewater under 
anoxic conditions, resulting in the precipitation of apatite-like 
phases in the sediments (Goldhammer et al., 2010). Microfossils 
resembling modern sulphoxidising bacteria were evidenced in 
the geological record, suggesting that they may have played 
a role in the formation of ancient phosphorites as well (Bailey 
et al., 2013). Diatoms have been also suspected to be major 
players in the accumulation of P as polyP, before release and 
precipitation of P phases in the sediments (Diaz et al., 2008). 
Here, we show that Magnetococcaceae appear as new models of 
polyP-accumulating bacteria in freshwater ferruginous envi-
ronments. While the reservoir they represent seems modest in 
size (<1 % of the total P), it may, similarly to sulphoxidising 
bacteria in some marine sediments, be dynamic because of 
active microbially mediated transformations of polyP and may 
therefore significantly contribute to the P cycle in this envi-
ronment. This will be important to assess further in future 
studies. The relative simplicity by which MTB can be extracted 
from a suspension by magnetic sorting makes them an inter-
esting tool for concentrating and removing P from a solution. 
Moreover, similar to sulphide oxidising bacteria, traces of MTB 
are tractable in the geological record. Identifying the specific 
crystallographic, geochemical and/or magnetic properties (e.g., 
Amor et al., 2016) of their intracellular magnetites provides a 
perspective to track their potential contribution to the forma-
tion of ancient lacustrine phosphorites.
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Supplementary Data

Figure S-1  Geochemical depth profiles in the water column of Lake Pavin. The depth profile of O2 was measured in situ, while depth 
profiles of dissolved H2S (∑H2S), dissolved PO4 (DIP) and dissolved Fe2+ were measured on water samples collected using a Niskin 
bottle. The grey rectangle outlines the depth range in which MTB cells were collected.
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Figure S-2  STEM and EDXS analyses of polyphosphate and S-granules in MTB cells. Left: STEM image in HAADF mode and overlay 
of Fe (green), P (blue) and S (red) in two different areas. Right: EDXS spectra of S-granules (orange) and polyphosphate inclusions 
(blue).
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Figure S-3  Fluorescence spectra of DAPI-stained nucleic acid (blue) and DAPI-stained polyphosphate (green). Fluorescence maps of 
the two components as shown in Figure 2a are obtained by measuring fluorescence spectra on each pixel of the image and fitting 
the resulting spectra as linear combinations of these two reference spectra.

Figure S-4  Per pixel P distribution of the 41 hotspots, identified from the fitted μ-XRF intensity map of P. Hotspots (x-axis) were sorted 
in descending order according to their median, which is indicated by a bold horizontal line inside each box. X-axis labels (Fig 4x, with 
x = a, b …) refer to polyP-loaded MTB cells shown in Figure 4. For a given distribution, the box boundaries indicate the first and third 
quartiles. The vertical dashed lines that extend from the box encompass the largest/smallest intensities that fall within a distance of 
1.5 times the box size from the nearest box hinge. The horizontal gray dashed line at an intensity of 1500 represents the P intensity 
median of all the hotspots. The hotspots with a high per pixel P content (individual points above the gray horizontal solid line) not 
related to polyP-loaded MTB cells are described by letters (from a to f); see SEM and EDXS maps of these areas in Figure S-5.
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Figure S-5  SEM and EDXS analyses of P hotspots not related to polyP-loaded MTB cells but containing Fe phosphate phases. These 
areas are indicated by letters from (a) to (f) in Figure S-4.
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Figure S-6  Distribution of the per pixel P intensity on the μ-XRF map shown in Figure 4. Most of the P-containing pixels have a per 
pixel intensity below 144.3 (median value, indicated by a bold vertical line in the bottom box). The MTB-containing pixel with the 
highest P content (Fig. 4k) is labelled. Below the histogram, the box boundaries indicate the first and third quartiles (per pixel inten-
sities of 88.7 and 265.9, respectively). The horizontal dashed line extending to the right encompasses 99.9 % of the P-containing 
pixels (up to 2826.9). Outliers are represented by individual points. P intensities of the MTB-containing pixels identified by SEM (Fig. 4) 
are represented by single black dots. On the right, SEM picture of non-MTB microbial cell contained in a pixel with a P intensity of 
181.8 (indicated by a grey star above the corresponding histogram bin), i.e. slightly above the median.

Material and Methods

Aqueous geochemistry and sample collection

Samples were collected in the water column from a platform 
located at the centre of Lake Pavin (Massif Central, France; 
45°29’41” N, 002°53’12” E) with a Niskin bottle in May, June 
and September 2015. Dissolved oxygen was measured in situ 
using an O2-pH-redox probe (YSI 6600). Detection limit for 
O2 was 0.1 %. For the analysis of dissolved compounds, water 
samples were filtered on board using syringes and filters with 
a Luer connection (Whatman, 0.2 μm) and distributed in 
Falcon® PP tubes (acidified with Suprapur HNO3 for ICP-AES 
analysis). The concentration of Fe (total Fe) was measured by 
ICP-AES (Thermo Scientific iCAP 6200). Sulphides were stabi-
lised by precipitation with zinc (+ 100 μL Zn acetate 0.01 M for 
10 mL sample). Sulphide species (total H2S) determined by this 
method comprise free H2S and HS- as well as metal-bound 
sulphide nanoparticles. The concentrations of DIP (Dissolved 
Inorganic Phosphorus) (Autoanalyser AxFlow Quaatro), and 
H2S (Spectroquant Merck, methylene blue method) were 
measured by colourimetry.

Magnetic sorting of MTB cells and sample 
preparation for STEM analyses

Magnetic enrichment of samples was performed immediately 
after water collection in a glass bottle. This consisted of placing 
the south pole of a magnetic stirring bar against the glass 
bottle. After 3 hr, a white pellet of highly enriched in MTB 

cells could be observed close to the magnet. MTB cells were 
harvested using a pipette, observed and quantified using the 
hanging drop technique in the laboratory (Schüler, 2002). 

Scanning transmission electron microscopy 
analyses

STEM analyses of magnetically sorted MTB cells were 
performed in the high angle annular dark field (HAADF) mode 
using a JEOL 2100F operating at 200 kV and equipped with 
a field emission gun and a JEOL EDXS detector. Semi-quan-
titative analyses of EDXS spectra were processed using the 
JEOL Analysis Station software following the Li et al. (2016) 
procedure. 

Polyphosphate imaging by DAPI staining

4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) has 
been commonly used to stain nucleic acids and polyphos-
phates (Tijssen et al., 1982). Nucleic acids stained by DAPI 
fluoresce in the blue with a maximum emission at 465 nm. 
Polyphosphates stained by DAPI fluoresce in the green/
yellow with an emission peak centred at ~545 nm (Fig. S-3). 
80 μL of a DAPI solution at 1 mg/mL was added to 90 μL 
of a magnetically enriched MTB suspension. Incubation was 
performed for 5 min in the dark before rinsing with milliQ 
water. A 10 μL drop of the suspension was deposited on a 
glass lamella for confocal laser scanning microscopy (CLSM) 
analyses. Samples were observed by CLSM using a Zeiss 
LSM 710. Excitation was performed at 405 nm and emission 
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spectra were measured for each pixel of the images using a 34 
channel Quasar T-PMT detector. Correlation with SEM was 
performed using the KorrMik Life Sciences sample holder and 
the correlative Shuttle and Find software implemented in ZEN 
2012. Similarly, a study by Eder et al. (2014) used a correlative 
approach of Raman spectromicroscopy and SEM showing an 
alternative approach to investigate the speciation of P within 
magnetotactic bacteria.

Cell count profile

Three 1 L bottles of water were collected every metre above 
and below the oxycline in order to determine the depth distri-
bution of magnetotactic bacteria (i.e. maximum at 56 m on 
April 7th 2016). From each sample, three drops of 40 μL were 
observed using the hanging drop technique (Schüler, 2002). 
Magnetotactic cells, accumulating at the edge of the drops 
due to the magnetic field generated on one side of the drop, 
were counted under a ZEISS Primo Star light microscope. The 
number of cells counted in each drop was multiplied by 25 in 
order to obtain the concentration of cells per millilitre. 

Affiliation of dominant MTB populations to a 
taxonomy rank

MTB cells were concentrated using the magnetic “capillary 
racetrack” technique (Wolfe et al., 1987). Their 16S rRNA gene 
was amplified by PCR using the universal pair of primers 27f 
and 1492r and the Phusion High Fidelity polymerase (Finn-
zymes Oy, Espoo, Finland). A clone library was constructed 
using the pGEM-T Easy Vector System I (Promega Corpora-
tion, Madison, WI) and NEB 5-alpha electrocompetent E. coli 
cells (New England BioLabs, Frankfurt, Germany). Cloned 
sequences were aligned against the public database NCBI 
using the BLAST algorithm. Only sequences of the most 
similar type strains and those of uncultured bacteria from 
published work were downloaded for further phylogenetic 
analysis. The 9 sequences of MTB from Lake Pavin, their 
closest relatives identified by BLAST and several representa-
tives of Proteobacteria were aligned using MAFFT (Katoh and 
Standley, 2013), giving an alignment of 1529 bp after removal 
of ambiguous positions. A maximum-likelihood (ML) phylo-
genetic tree was built with RAxML 8.2.6 (Stamatakis, 2014) 
under the GAMMA model of rate heterogeneity using empir-
ical nucleotide frequencies and the GTR substitution model. A 
total of 349 bootstrap replicates automatically determined by 
the MRE-based bootstrapping criterion were conducted under 
the rapid bootstrapping algorithm, among which 100 were 
sampled to generate proportional support values (those under 
70 were not shown). Two sequences were affiliated to the same 
species if aligned sequences shared more than 99 % similarity. 

Synchrotron-based x-ray microfluorescence and 
scanning electron microscopy analyses

For correlative x-ray microfluorescence and SEM analyses, 100 
mL of water collected at the oxic-anoxic interface were filtered 
on a 0.22 μm polycarbonate filter in a glovebag under N2. Micro 
x-ray fluorescence (μ-XRF) experiments were performed on 
the LUCIA beamline at SOLEIL synchrotron. Measurements 
were performed at room temperature, under vacuum (10−2 
mbar), using an incident beam at 2500 eV with 4*4 μm steps 
and 2 s counting time. All measurements were performed by 
collecting the fluorescence signal, using a Silicon Drift Detector 
(SDD). All samples were analysed with their surface perpen-
dicular to the incident beam and grazing incidence with the 
SDD. This geometry is optimised to minimise self-absorption 

effects. Thus, no self-absorption correction was applied. The 
per pixel x-ray fluorescence spectra were corrected for back-
ground using a polynomial baseline approximation and fitted 
to a Gaussian peak shape model with the programme PyMCA 
(Solé et al., 2007) (batch fit procedure). The fitted P K lines were 
used to draw the fluorescence intensity map of phosphorus. 
The resulting 508*672 μm map allowed determination of the 
spatial distribution of the major P hotspots on the polycar-
bonate filter. More details on the LUCIA beamline can be 
found in Vantelon et al. (2016).

Polycarbonate filters were subsequently carbon coated 
and P hotspots as detected by μ-XRF were systematically anal-
ysed by scanning electron microscopy (SEM). SEM analyses 
were performed using a Zeiss ultra 55 field emission gun SEM. 
Backscattered electron (BSE) images were acquired using an 
angle selective backscattered (AsB) detector at an accelerating 
voltage of 10 kV and a working distance of ~7.5 mm. The 
elemental composition of mineral phases was determined by 
energy dispersive x-ray spectrometry (EDXS) using an EDS 
QUANTAX detector. EDXS data were analyzed using the 
ESPRIT software package (Bruker).
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