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ABSTRACT

A combination of scanning transmission X-ray microscopy and X-ray magnetic circular dichroism was used to

spatially resolve the distribution of different carbon and iron species associated with Shewanella oneidensis MR-

1 cells. S. oneidensis MR-1 couples the reduction of Fe(III)-oxyhydroxides to the oxidation of organic matter in

order to conserve energy for growth. Several potential mechanisms may be used by S. oneidensis MR-1 to facili-

tate Fe(III)-reduction. These include direct contact between the cell and mineral surface, secretion of either exog-

enous electron shuttles or Fe-chelating agents and the production of conductive ‘nanowires’. In this study, the

protein ⁄ lipid signature of the bacterial cells was associated with areas of magnetite (Fe3O4), the product of dis-

similatory Fe(III) reduction, which was oversaturated with Fe(II) (compared to stoichiometric magnetite). How-

ever, areas of the sample rich in polysaccharides, most likely associated with extracellular polymeric matrix and

not in direct contact with the cell surface, were undersaturated with Fe(II), forming maghemite-like (c-Fe2O3)

phases compared to stoichiometric magnetite. The reduced form of magnetite will be much more effective in

environmental remediation such as the immobilisation of toxic metals. These findings suggest a dominant role

for surface contact-mediated electron transfer in this study and also the inhomogeneity of magnetite species on

the submicron scale present in microbial reactions. This study also illustrates the applicability of this new synchro-

tron-based technique for high-resolution characterisation of the microbe–mineral interface, which is pivotal in

controlling the chemistry of the Earth’s critical zone.
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INTRODUCTION

Microbial Fe(III) reduction is widespread in the subsurface

and has significant environmental consequences, as it has been

shown to control the mobility of radionuclides, toxic metals

and organic molecules in many different environments (Lov-

ley et al., 2004). Therefore, it is of great interest to identify

the precise mechanisms that dissimilatory Fe(III)-reducing

bacteria use to reduce Fe(III)-bearing minerals. The Gram-

negative, facultative anaerobe Shewanella oneidensis MR-1 is

able to reduce solid-phase Fe(III) oxyhydroxides by coupling

the reaction to the oxidation of organic matter (Lovley et al.,

1989; Nealson & Saffarini, 1994). This electron-transfer pro-

cess can result in the formation of a range of Fe(II)-rich

phases, including magnetite, green rusts, siderite or vivianite

(Fredrickson et al., 1998; Ona-Nguema et al., 2002; Lloyd,

2003). As well as direct contact between cell surface and

mineral, transferring electrons via outer membrane cyto-

chromes (Myers & Myers, 1992; Shi et al., 2007), there are a

number of alternative methods that this bacterium can use to

facilitate the electron-transfer process, particularly to reduce

less bioavailable solid-phase minerals. These include the secre-

tion of electron-shuttling compounds (Newman & Kolter,

2000; Marsili et al., 2008; von Canstein et al., 2008), the use
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of endogenous electron shuttles such as humics (Newman &

Kolter, 2000), the secretion of an Fe(III)-solubilising ligand

(Taillefert et al., 2007) and the production of electrically con-

ducting pili or ‘nanowires’ (Gorby et al., 2006; El-Naggar

et al., 2010). Here, we describe the use of the relatively novel

and fast developing technique of scanning transmission X-ray

microscopy (STXM) combined with X-ray magnetic circular

dichroism (XMCD) to evaluate the spatial distribution of

Fe(II) and Fe(III) vs. carbon signatures specific for a range

of cellular macromolecules in Fe(III)-reducing cultures of

S. oneidensis MR-1. This combination of STXM and XMCD

has previously been used to identify the individual magnetic

moment in magnetite nanocrystals in a magnetotactic bacte-

rium (Lam et al., 2010), and a comprehensive bibliography

of STXM is available in Ade & Hitchcock (2008), with more

recent updates available at http://unicorn.mcmaster.ca/xrm-

biblio/xrm_bib.html. The direct visualisation of the oxidation

state of Fe in both the extracellular and cell-surface environ-

ments gives a unique insight into the mechanism of Fe(III)

reduction in this model organism. The study of this specific

system has additional interest given the technological

potential of the nanospheres of biomagnetite produced by this

process and the ability to control their magnetic properties by

the Fe(III) ⁄ Fe(II) behaviour (Coker et al., 2009).

MATERIALS AND METHODS

Shewanella oneidensis MR-1 was grown under strictly anaero-

bic conditions at 30 �C in modified freshwater medium as

described previously (Lloyd et al., 2003). Sodium DL-lactate

(100 mM) and fumarate (20 mM) were provided as the elec-

tron donor and acceptor, respectively. All manipulations were

performed under an atmosphere of N2–CO2 (80:20). Poorly

crystalline Fe(III)-oxyhydroxide was produced using the

method of Lovley & Phillips (1986), where a 0.4 M solution

of FeCl3 is neutralised by 10 N NaOH to pH 7 and the solid

then washed by centrifugation six times until no Cl) ions

remain. The mineral was stored in the dark at 4 �C for not

more than 6 months before use. Late log-phase cultures of

S. oneidensis MR-1 were harvested by centrifugation at

5000 G for 20 min and washed twice in carbonate buffer

(NaHCO3; 30 mM, pH 7.1) under N2–CO2 (80:20) prior to

use. Aliquots of the washed cell suspension (0.5 mL) were

added to sealed anaerobic bottles containing 9.9 mL bicar-

bonate buffer, 50 mM poorly crystalline Fe(III) oxide and

20 mM sodium lactate. The final concentration of bacteria

corresponded to approximately 0.2 mg protein per mL.

Bottles were incubated in the dark at 20 �C. After 1 week of

incubation, an aliquot of the suspension (0.1 mL) was depos-

ited and dried on a formvar-coated 3 mm 200-mesh copper

grid (Agar Scientific, Stansted, UK) under anaerobic condi-

tions. The grid was transferred on a sample holder from a

glove bag to the STXM in an air-tight jar. The chamber con-

tained an overpressure of N2. The sample jar was only opened

within the chamber, and the sample mounting was performed

quickly to prevent sample oxidation. A second aliquot of

sample was taken for powder X-ray diffraction (XRD) mea-

surements. XRD measurements were obtained with a Bruker

D8 Advance instrument using Cu Ka1 radiation. Data were

acquired over the range 15�(2h)–70�(2h), using a step size of

0.02�(2h).

Scanning transmission X-ray microscopy observations were

carried out on the soft X-ray spectromicroscopy (SM) beam-

line BL 10ID1 of the Canadian Light Source (CLS) in Saska-

toon, Canada. Observations were made firstly at the C K-edge

followed by the Fe L2,3-edge to minimise possible beam

damage. The beamline has an energy resolving power

E ⁄ DE > 3000 and an incident flux of 108 ph ⁄ s ⁄ 0.5 A at 3000

resolving power. Further details can be found in (Kaznatcheev

et al., 2007). The exit slits were adjusted such that the maxi-

mum flux used was 18 MHz. Energy calibration was achieved

using the sharp peak for protein at 288.2 eV and the peak

maximum for magnetite at 709.5 eV. Elemental maps (also

called ‘stack maps’) were generated by taking a background

image at 280 and 700 eV and subtracting this image from a

corresponding image for C at 288.2 eV or Fe at 709.5 eV,

respectively. Spectroscopic data were collected by scanning a

spatial region of interest in x–y sample directions, perpendicu-

lar to the beam, at each energy increment over an energy

range covering an elemental edge thus creating a spectrum at

each pixel, known collectively as a stack (Jacobsen et al.,

2000). Care was taken to use as low a dose of X-rays as possi-

ble to minimise the impact of radiation damage on these mea-

surements. This involved careful selection of dwell time,

number of energy points and use of an automated fast,

in-vacuum shutter, so only X-rays hitting the sample were

contributing to the measured data. A dwell time of 0.95–

1.15 ms was used, which has previously been shown to give

minimal beam damage to samples containing a combination

of iron minerals and bacteria (Miot et al., 2009a). The energy

step was 0.15 eV over the main features of each edge, and the

image pixel size was 0.025 lm. Images at damage sensitive

energies (289 eV in the C K-edge and 704 eV in the

Fe L2,3-edge) were measured after stack acquisitions; visible

changes in the sample morphology were not noted.

The source point for the CLS–STXM is an elliptically pola-

rising undulator (EPU), which provides nearly 100% circularly

polarised light at the Fe L2,3 edge (Kaznatcheev et al., 2007).

To determine the Fe L2,3 XMCD, two image stacks were

recorded in transmission mode for the same sample area,

firstly with right circularly polarised (RCP) and then left circu-

larly polarised (LCP) X-rays. A magnetic field of �0.1 T was

applied to the sample by mounting a strip of the grid between

two poles of a magnet and having the sample plate at an angle

of 30� to the beam direction, resulting in a component of the

magnetic field parallel to the beam (see Fig. S1 for details).

Data processing was carried out using the aXis2000 software

package (Hitchcock, 2011). For both the C K-edge and Fe
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L2,3-edge, data transmission signals were converted to optical

density (OD) units using the incident flux signals measured in

the same stack through regions free of C or Fe, adjacent to

regions of interest. Alignment of each stack was carried out in

aXis2000 (Hitchcock, 2011) using the stack analyser func-

tion, which aligns images by cross-correlations using Fourier

transforms. For the C K-edge, the image sequence was fitted

using the singular value decomposition (SVD) method using

standard spectra for expected components. Threshold mask-

ing was used to identify areas with similar spectral characteris-

tics to the standards. For the Fe L2,3-edge, the two stacks

for the LCP and RCP X-rays are then added and ordered in

photon energy and the alignment process repeated on the

combined stack. The two well-aligned stacks are then

separated again and subtracted to give a new stack that yields

spectra that are the difference between the X-ray absorption

spectra for RCP and LCP X-rays, in a magnetic field set at 30�
to the incoming beam direction; XMCD spectra.

To obtain the relative amounts of the three Fe sites, the

experimental spectra were fitted by means of a non-linear

least-squares analysis, using calculated spectra for each of the

Fe sites. In these calculations, as described by van der Laan &

Thole (1991), the Hartree–Fock–Slater integrals for the

3d-3d and 2p-3d Coulomb and exchange interactions were

scaled to 70 and 80%, respectively, and the crystal fields for

the octahedral and tetrahedral sites were taken to be

10Dq = 1.4 and )0.6 eV, respectively. The calculated spectra

were convoluted by a Lorentzian of C = 0.3 (0.5) eV for the

L3 (L2)-edge to account for intrinsic core-hole lifetime broad-

ening and by a Gaussian of r = 0.2 eV to account for instru-

mental broadening. The experimental spectra were fitted over

the L3 main peaks only, which has been previously shown to

give meaningful results, although fitting over the L2 peak does

give good qualitative agreement (Pattrick et al., 2002).

RESULTS AND DISCUSSION

After 1 week of incubation with S. oneidensis MR-1, the

orange Fe(III)-oxyhydroxide in the sample tubes had altered

to a black magnetic precipitate, expected to be the Fe(II)-

bearing mineral magnetite (Fe3O4) as reported previously

(Coker et al., 2007). This was subsequently confirmed using

XRD (Fig. 1A), and the crystallite size of the magnetite was

determined to be 29.15 ± 2.4 nm through fitting the (311)

with a Lorentzian line shape and using the Scherrer equation.

C K and Fe L2,3-edge STXM analyses were performed on an

aliquot of the sample slurry. First, the location of carbon-rich

and iron-rich areas was mapped with an image step size of

0.05 lm across the sample to identify suitable areas for more

in-depth analysis and to provide an overview of the spatial

distribution of each element (Fig. 1B). It can be seen from

Fig. 1B that there are oval ⁄ rod-shaped structures �1 ·
0.5 lm; comparison with previous images (Gorby et al.,

2006; Ravindranath et al., 2011) and noting that they are

carbon-rich indicates they are cells of S. oneidensis MR-1,

surrounded by deposits rich in iron, likely to be the magnetic

precipitate.

A more detailed examination of the lower portion of the

area represented by Fig. 1B was carried out by collecting

images at regular energy intervals across the carbon K-edge

between 280 and 320 eV, forming a ‘stack’ (see Materials and

methods, above). SVD analysis using three standard spectra

for protein, alginate and lipid, obtained from Lawrence et al.

(2003), each normalised to an intensity corresponding to

1 nm thickness of the pure material (OD1), and a constant

term was applied to the carbon K-edge stack. The areas of the

sample containing high concentrations of protein (red), poly-

saccharide (green) or lipid (blue) are shown in Fig. 2A–C,

with a colour composite image in Fig. 2D and the experimen-

tal spectra extracted for each of the three different compo-

nents in Fig. 2E. The spectrum for areas containing a high

concentration of protein gives a good fit to the standard spec-

trum from bovine serum albumin (BSA) containing both the

1s fi p*C=C transition at 285.1 eV and the main transition

1s fi p*C=O at 288.2 eV associated with the peptide bond

(Lawrence et al., 2003). The spectrum for areas of high lipid

content also contains a large protein component, indicated by
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Fig. 1 (A) X-ray diffraction trace with the reflections for magnetite. (B) Colour

composite of two scanning transmission X-ray microscopy maps (optical

density, OD) measured at the C K-edge (OD288.2–OD280) in red and the

Fe L2,3-edge (OD709.5–OD700) in blue. 1 lm scale bar.
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the decrease in the intensity at 290.8 eV, demonstrating that

the lipid-rich areas are also protein-rich. The protein and lipid

signals come primarily from the oval ⁄ rod shapes �1 ·
0.5 lm, strongly supporting that these structures are cells of

S. oneidensis MR-1. The polysaccharide spectrum gives a good

agreement with the standard for alginate with the most

intense peak associated with carboxyl groups (Benzerara et al.,

2004; Chan et al., 2009) occurring at 288.6 eV, a distinctly

higher energy than the 1s fi p*C=O at 288.2 eV of protein.

From the component map (Fig 2B) and the colour-coded

composite (Fig. 2D), the polysaccharide appears to surround

the bacterial cell. This is consistent with a diffuse extracellular

matrix of polysaccharide.

The distribution of Fe(II) and Fe(III), over the same region

for the C K-edge, was examined in detail by collecting images

and spectral data at energy intervals between 700 and 730 eV,

creating a Fe L2,3-edge stack. As magnetite contains both

Fe(II) and Fe(III), in a 1:2 ratio, a linear regression analysis of

the data using standard spectra for Fe(II) and Fe(III) was not

practical for spatially resolving the differences in amounts

and spatial distributions for the two oxidation states [see

Fig. 3Ai,ii for the X-ray absorption spectral (XAS) shapes]

because they are too closely associated within the sample.

Therefore, XMCD spectral measurements were made as these

have previously been shown to resolve the three Fe environ-

ments present in magnetite; the Fe(II) octahedral, Fe(III)

tetrahedral and Fe(III) octahedral (Pattrick et al., 2002;

Morrall et al., 2003), where each electronic state of Fe has a

distinctly different XMCD spectral signature (see Fig. 3Aiii,iv

for the XMCD spectral shapes).

The S. oneidensis MR-1 biomagnetite sample plate was

placed within a �0.1 T magnetic field, at 30� to the X-ray

beam, resulting in a component of the magnetic field parallel
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els, 1 ms per pixel) with a linear combination of albumin (protein) (A), alginate (polysaccharide) (B) and lipid (C). The maximum optical density (OD) values are 110

(A), 25 (B) and 70 (C). (D) Colour-coded composite map derived from images (A–C). Red = protein; green = polysaccharide; blue = lipid. (E) C K-edge spectra (i) pro-

tein, (ii) alginate and (iii) lipid extracted from the image stack (solid lines), compared to the reference standards (iv-using the same colours) used to generate the com-
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Fig. 3 (A) Calculated X-ray absorption spectral (XAS) (i) and X-ray magnetic

circular dichroism (XMCD) (iii) spectra for the Fe L2,3-edge of stoichiometric

magnetite and individual components of the XAS (ii) and XMCD (iv) spectral

calculations, Fe(II) octahedral (green), Fe(III) tetrahedral (red) and Fe(III) octa-

hedral (blue). (B) Fe L2,3-edge spectra for Shewanella oneidensis MR-1 nano-

magnetite (i) XAS taken using left (red) and right (black) circularly polarised

X-rays for the area within the yellow contour of Fig. 4 and the corresponding

XMCD spectrum ·2 (blue); (ii) XAS taken in ) (red) and + (black) 0.6 T mag-

netic field (Coker et al., 2007) and the corresponding XMCD spectrum (blue).
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to the beam direction whilst also allowing the beam to pass

through the sample into the detector. Two Fe L2,3-edge stacks

were collected, one with left and the other with RCP X-rays,

thus providing two XAS per image pixel; the XMCD is

obtained as the difference between these two spectra. The

average XAS and XMCD spectra for the sample area within

the yellow contour of Fig. 4 are shown in Fig. 3Bi. The

average XAS and XMCD spectra obtained for this sample is

compared to Fe L2,3 spectra previously taken in total-electron

yield (TEY) on beamline 4.0.2 at the Advanced Light Source

(ALS) for a similar sample of biomagnetite produced by the

same bacterium (Fig. 3Bii), published in Coker et al. (2007).

In that study, the two XAS were obtained by switching the

magnetic field between a parallel and anti-parallel direction

along the incident X-ray beam.

It can be seen from Fig. 3B that the magnitude of the

STXM–XMCD signal is smaller than that in the TEY–XMCD

measurement. This can be ascribed in part to the fact that the

sample is mounted at 30o to the X-ray beam, and so only 50%

of the XMCD signal is observed. Also, there is a lower mag-

netisation of the sample in the STXM–XMCD measurement,

where a smaller magnetic field had to be applied owing to the

space constraints of the STXM chamber. However, the smaller

magnitude does not affect the overall shape of the XMCD

signal, but merely leads to weaker signal and thus relatively

larger increased noise in the spectra. The STXM–XMCD was

collected in transmission mode giving the bulk mineralogy of

the sample, whereas the XMCD taken from Coker et al.

(2007) was collected in TEY mode which only probes the top

4–6 nm of the sample surface. Therefore, the two measure-

ments allow us to compare the bulk and surface of the magne-

tite. The peak fitting results of the XMCD spectra, derived

from non-linear least-squares fitting using calculated spectra

for each of the three Fe environments (van der Laan &

Kirkman, 1992; Pattrick et al., 2002), are given in Table 1.

These results indicate that the surface and bulk measurements

are in reasonably good agreement particularly with respect to
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Fig. 4 (A) protein component map and (B) polysaccharide component map

(both from Fig. 2) overlaid by contours defining areas from which Fe L2,3-edge

X-ray absorption spectral were extracted to generate X-ray magnetic circular

dichroism spectra (Fig. 5), these were for either the whole area (yellow contour)

or high concentrations of either (A) protein ⁄ lipid (P1-P7) or (B) polysaccharide

(A1–A4). Scale bar is 500 nm for both images.

Table 1 Results for the relative amounts of octahedral Fe(II), tetrahedral Fe(III) and octahedral Fe(III) as obtained by fitting the Fe L2,3-edge XMCD spectra shown in

Fig. 5 collected from the corresponding areas in Fig. 4 [whole area (yellow contour) or P = protein ⁄ lipid and A = polysaccharide]

Area Fe(II) Oh* Fe(III) Td* Fe(III) Oh* Total Fe(II) ⁄ Fe(III)

Absolute error in

Fe(II) ⁄ Fe(III) ratio Td ⁄ Oh

Stoichiometric magnetite 1.00 1.00 1.00 3.00 0.50 0.020 0.50

Whole area 1.08 1.00 1.15 3.23 0.50 0.021 0.45

P1 1.33 1.00 1.11 3.45 0.63 0.022 0.41

P2 1.26 1.00 0.97 3.23 0.64 0.023 0.45

P3 1.33 1.00 1.11 3.45 0.63 0.022 0.41

P5 1.63 1.00 0.99 3.61 0.82 0.027 0.38

P6 0.81 1.00 1.16 2.97 0.38 0.021 0.51

P7 1.08 1.00 0.92 3.00 0.56 0.025 0.50

Average P 1.24 1.00 1.04 3.28 0.61 0.023 0.44

A1 0.73 1.00 1.33 3.06 0.31 0.018 0.49

A2 0.68 1.00 0.82 2.50 0.37 0.023 0.67

A3 0.84 1.00 1.07 2.91 0.41 0.021 0.52

A4 0.44 1.00 1.78 3.23 0.16 0.011 0.45

Average A 0.68 1.00 1.25 2.92 0.30 0.017 0.52

Shewanella oneidensis MR-1 TEY–XMCD� 1.05 1.00 0.99 3.04 0.53 0.023 0.49

TEY, total-electron yield; XMCD, X-ray magnetic circular dichroism.

Errors are indicated in a separate column

*Errors are ±0.02.

�From Coker et al. (2007).
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the overall percentage of Fe(II) in the magnetite. The surface

contribution from 29 nm nanoparticles is a significant

proportion [up to 80% assuming a probing depth of 60 Å –see

Coker et al. (2007)] of the total signal; therefore, this

similarity might be expected.

Areas of the Fe L2,3-edge map found to be high in either

protein ⁄ lipid or polysaccharide were chosen and labelled

P1–P7 for protein ⁄ lipid-rich areas and A1–A4 for polysaccha-

ride-rich areas in Fig. 4. XAS were extracted from the two Fe

stacks, and the XMCD spectra calculated and then fit in the

same way as described above (Fig. 5). The results listed in

Table 1 indicate that areas of magnetite corresponding to the

position of protein ⁄ lipid in the sample contain a larger

amount of Fe(II) compared to stoichiometric magnetite,

whereas areas of magnetite associated with polysaccharides are

under-saturated in Fe(II) compared to stoichiometric magne-

tite. For the areas of biomagnetite closely associated with the

bacterium, the average Fe(II) ⁄ Fe(III) ratio is 0.61 ± 0.03,

the most reduced magnetite present, and much more reduced

than the average value of 0.50–0.53. This is confirmation that

direct contact with the cells is an efficient mechanism for

reducing Fe(III) to Fe(II), recrystallising the Fe(III)-oxyhy-

droxide into an ‘over-reduced’ form of magnetite. The areas

rich in polysaccharides give XMCD signals that have an aver-

age Fe(II) ⁄ Fe(III) value of 0.30 ± 0.03, which is much lower

than that for stoichiometric magnetite, tending towards

maghemite (c-Fe2O3), and suggests that direct contact is

required in these cultures for maximal levels of Fe(III) reduc-

tion, although enough Fe(II) is still generated to fully recrys-

tallise the Fe(III)-oxyhydroxide to magnetite.

It has been shown previously that biogenic nanomagnetite

is (overall) typically slightly oversaturated with Fe(II) com-

pared to stoichiometric magnetite, and this is thought to be a

function of the O2-free environment that these bacteria

require in order to use Fe(III) as an electron acceptor (Kukk-

adapu et al., 2005; Coker et al., 2007; Carvallo et al., 2008).

However, from the limited observations presented in this

study, the situation is seen to be more complex, especially

during the reduction process, and the mineralogical status of

the magnetite depends on the local (nanoscale) interactions of

the microbial cell with the mineral substrates. Although this

work is only based upon analyses from one sample area, the

results can be compared to work on Fe(II)-oxidising bacteria,

where a gradient in the oxidation state of Fe was observed

using STXM, indicating the progression of Fe(II) oxidation

beyond the cell microenvironment (Miot et al., 2009c). Here,

the importance of bacterial cell–mineral contact in the biore-

duction of solid-phase Fe(III) is demonstrated; the precise

contribution of surface-localised cytochromes (Clarke et al.,

2011) or other mechanisms including extracellular append-

ages (Gorby et al., 2006), soluble secreted electron shuttles

(Newman & Kolter, 2000) such as flavins (von Canstein et al.,

2008) or electron flow through mineral assemblages (Wilkins

et al., 2007) are controversial and could be active in the

process we describe. The changes in Fe(II) concentration

across the sample has implications for the reactions and sorp-

tion processes in subsurface sediments and in bioremediation
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Fig. 5 Fe L2,3-edge X-ray magnetic circular dichroism spectra (black) and the

fits (red) corresponding to the areas of the carbon component images shown in

Fig. 4.
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approaches that are heavily dependent on the reducing power

of the Fe(II) associated with Fe-biominerals, such as Cr(VI)

reduction (Cutting et al., 2010). During bioreduction, there

is a very reduced magnetite component present that will be

the major driver of toxic metal cycling and reduction and

immobilisation of the metals (Ngomsik et al., 2005). There

will also be a maghemite-like component that is less reactive

produced by other means such as electron mediator com-

pounds. Future work could centre around investigating the

differences in the Fe(II) ⁄ Fe(III) ratio across a sample when an

electron mediator compound, such as a secreted flavin or a

humic material, is introduced into the system.

The STXM–XMCD technique described here offers a

unique combination of nano-scale (25 nm) spatial resolution

and spectroscopic probing of the speciation of metals and

lighter ‘biological’ elements such as carbon in dry and fully

hydrated (Hitchcock et al., 2009) samples. STXM provides

direct imaging, quantification and correlation of the amounts

(e.g. Wan et al., 2007) and spatial localisation (e.g. Toner

et al., 2005; Hunter et al., 2008; Chan et al., 2009; Miot

et al., 2009b) of different components in environmental

systems, which facilitates significant advances in our under-

standing of the mechanisms of many geomicrobiological

processes, including the demonstration here that shows the

potential of combining STXM with XMCD to identify the

redox cycling of iron in both laboratory and potentially

environmental samples.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Fig. S1 Schematic of the sample arrangement in the beam

with the magnetic field and beam direction indicated.

Please note: Wiley-Blackwell are not responsible for the con-

tent or functionality of any supporting materials supplied by

the authors. Any queries (other than missing material) should
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