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Abstract

Over the past decade, advances in surface-sensitive spectroscopic techniques have provided the opportunity to identify many
new microbiologically mediated biogeochemical processes. Although a number of surface spectroscopic techniques require
samples to be dehydrated, which precludes real-time measurement of biotransformations and generate solid phase artifacts,
some now offer the opportunity to either isolate a hydrated sample within an ultrahigh vacuum during analysis or utilize sources
of radiation that efficiently penetrate hydrated specimens. Other nondestructive surface spectroscopic techniques permit
determination of the influence of microbiological processes on the kinetics and thermodynamics of geochemical reactions. The
ability to perform surface chemical analyses at micrometer and nanometer scales has led to the realization that bacterial cell
surfaces are active sites of mineral nucleation and propagation, resulting in the formation of both stable and transient small-scale
surface chemical heterogeneities. Some surface spectroscopic instrumentation is now being modified for use in the field to
permit researchers to evaluate mineral biotransformations under in situ conditions. Surface spectroscopic techniques are thus
offering a variety of opportunities to yield new information on the way in which microorganisms have influenced geochemical
processes on Earth over the last 4 billion years.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction potential for bioremediation of metal-contaminated
and radionuclide-contaminated subsurface sites.
Recent advances in this area have been largely due
to the application of surface-sensitive spectroscopic
techniques to studies on microbe—mineral interactions
and more specifically the role of microbial activities

on metal, radionuclide and mineral oxidation state that

Biogeochemistry is a discipline of great importance
to our understanding of Earth’s evolution and the
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in turn influences their solubility and reactivity toward
other components in surface sediments, soils and
subsurface environments. These techniques provide
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useful molecular and atomic information at single cell
or microcolony scale. Some spectroscopic techniques
such as Raman imaging can be used to obtain chem-
ical maps of a mineral surface under fully hydrated
conditions important for preservation of the integrity
of biological systems involved in mineral transforma-
tions. This review describes advances in our under-
standing of inorganic mineral transformations by
microorganisms in nature and under controlled labo-
ratory conditions that are based on surface spectro-
scopy. The review also identifies features and
limitations of the different spectroscopic techniques
that are relevant to studies on microbe—mineral inter-
actions.

2. Background

Biogeochemical research in recent years has
changed the way we view life on Earth and in
particular has expanded greatly our views on microbial
ecology and diversity. These advances have, in part,
resulted from our need to identify novel approaches to
contain and detoxify hazardous waste that is buried in
subsurface environments. The discovery in the 1980s
of a subsurface biosphere containing viable and poten-
tially active microbial populations spawned a large
number of investigations to evaluate their value in
contaminant detoxification, immobilization and stabi-
lization. We are now at a point where interdisciplinary
research is essential, and fields of science that previ-
ously have not been engaged in common activities
must come together to solve these challenging prob-
lems.

Historically, mineral transformations involving
microorganisms were evaluated from a priori knowl-
edge of the solid phase mineralogy, and measurements
of solution phase chemistry were used to infer micro-
biological modification of the solid phase. For exam-
ple, dissimilatory iron reduction is typically assessed
by the Ferrozine assay (Stookey, 1970; Viollier et al.,
2000), which is used to quantify the amount of Fe(II) in
solution (Kazem and Lovley, 2000; Roden et al., 2000).
When insoluble products are formed during mineral
biotransformation, these products are solubilized prior
to solution phase analysis (Roden and Zachara, 1996;
Fredrickson et al., 2000). Solution phase assays have
also been used to evaluate biotransformations of mine-

rals containing other elements such as Cr(VI), Mn(IV),
and U(VI) (Francis et al., 1994; Kazem and Lovley,
2000; Wielinga et al., 2001).

Recently, microbiological studies have utilized
solid phase minerals synthesized in the laboratory
for better control over the mineral structure of the
starting material. Synthetic iron oxides, including
goethite (a-FeOOH), lepidocrocite (y-FeOOH), ferri-
hydrite (FesOHg-4H,0) and hematite (a-Fe,O5) have
been prepared for assessment of metal reduction by
microorganisms (Cornell and Schwertmann, 1996).
The preparation of amorphous MnO, has been
described by Lovley and Phillips (1988), while the
production of birnessite (6-MnQO,) films has been
reported by Brulé et al. (1980). Because these prep-
arations have been well characterized and appear to be
similar to naturally occurring minerals, they are con-
venient to use in controlled laboratory studies.

The approach described above was used by Roden
et al. (2000) to compare the rate and extent of bacterial
reductive dissolution of a synthetic crystalline Fe(III)
oxide-coated sand under batch culture and continu-
ous-flow column reactor culture conditions. In this
study, X-ray diffraction (XRD) was used to character-
ize the goethite-like mineral structure of the Fe oxide
coating before solubilization by the Fe(Ill)-reducing
bacterium Shewanella putrefaciens strain CN32. The
results demonstrated the importance of advective
removal of Fe(Il) from the vicinity of the bacterial
cell surface on the extent of Fe reduction and biomass
production.

Generally, solution phase analysis yields limited
information on the nature of the inorganic solids
formed in the presence of microorganisms or the
inorganic material adsorbed to surface-associated
microbial biomass. Knowledge and control of the
aqueous phase chemistry and hydrodynamics and
application of mathematical models can overcome
this limitation of solution phase analysis to quantify
sorption of dissolved metal ions to a solid phase. By
employing a bioreactor to control hydrodynamics, an
aqueous phase with defined chemistry, and a chemical
equilibrium model (MINEQL), Nelson et al. (1995)
simulated the influence of the surface-associated
microbial population on Pb distribution between the
aqueous phase and the biofilm components on iron
oxide and glass surfaces. The results indicated that
only 10-20% of the Pb adsorbed to biofilm were
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associated with cells and that the bulk of Pb adsorp-
tion sites in the biofilm were associated with extrac-
ellular polymeric material. In this case, solid phase
analysis would have provided independent evidence
to support the model predictions of Pb distribution
between cell and extracellular polymeric components.

In summary, solution phase analyses provide infor-
mation on total and reduced metal and radionuclide
concentrations, are amenable to determination of rates
of biotransformation of chemical species that reside
external to the cell, and permit assessment of sorption
and precipitation phenomena. Restricting analyses to
the solution phase, however, limits the type of infor-
mation one can obtain on the chemical transforma-
tions that occur at mineral or other solid surfaces
where biological oxidation or reduction may lead to
the formation of surface complexes undetectable in
solution.

3. Solid phase mineralogical and chemical analysis

Analysis of the solid phase on which microbially
induced biotransformations occur offers the opportu-
nity to obtain a wealth of biogeochemical information
that cannot be acquired through solution phase anal-
ysis. Many solid phase-associated biogeochemical
processes can be evaluated by surface spectroscopic
analysis. Ideally, reactors used for biotransformation
studies should accommodate both solution phase and
solid phase analyses. Wielinga et al. (2001) used a
stirred-flow reactor to recover both the solid and the
solution phases to determine the reduction rates of
Cr(VD) in the presence of iron (hydr)-oxides and
dissimilatory iron-reducing bacteria (DIRB). A filter
at the top of the reactor retained the biomass and
insoluble inorganic material for subsequent solids
analysis while allowing the liquid phase and soluble
components such as Cr(VI) and Fe(Il) in the reactor
effluent to be recovered for solution phase assays.

3.1. X-ray diffraction

X-ray diffraction has been used for many years to
determine the symmetry of crystals and to measure
lattice parameters to high accuracy and has been used
extensively to identify geological material through
crystal structure. In fact, generation of interpretable

XRD patterns can only be obtained for material dis-
playing a crystalline structure (Table 1). The diffraction
pattern obtained from a sample is then compared with
that of known minerals provided by databases such as
the International Center for Diffraction Data for sample
identification or by theoretical interpretation. The
depth of penetration of the X-rays varies with X-ray
source, sampling angle, and the type of mineral. Using
a CukK, source at a 30° sampling angle, the penetration
depth for hematite is approximately 3 um, whereas with
aMoK, source ata 90° sampling angle, the penetration
depth for alumina is approximately 675 um. Slurries of
solid phase material exposed to cultures of micro-
organisms are typically recovered and subjected to
analysis by powder XRD after drying on a glass slide
in the appropriate gas phase. The distance between
crystalline layers (D-spacing) obtained from X-ray
diffractograms has been used to identify uraninite
(UO,) as a product of microbiological uranyl acetate
and metaschoepite reduction (Fredrickson et al., 2000).
This approach cannot be used to identify uraninite as a
product of solid phase U(VI) reduction, however. XRD
was also used to demonstrate that siderite (FeCOs3) is a
product of magnetite (Fe;0,4) reduction by Fe-reducing
bacteria in bicarbonate-buffered medium (Dong et al.,
2000), whereas Brown et al. (1997) used powder XRD
to demonstrate that hematite is a product of magnetite
biotransformation. Palladium-loaded microbial bio-
mass, after washing with organic solvents and air
drying, was evaluated by XRD to demonstrate the
feasibility of elemental Pd recovery using sulfate-
reducing bacteria (Lloyd et al., 1998). Neal et al.
(2001) employed thin-film XRD, where the precipitate
is observed as a surficial film, to identify a hexagonal
pyrrhotite (Fe;Sg) structure associated with ferrous
sulfides formed by sulfate-reducing bacterial biofilms
on hematite. In other studies, precipitates of iron
sulfides formed in the presence of sulfate-reducing
bacteria yielded powder XRD patterns that lacked
reflections indicative of crystalline iron sulfide phases
(Herbert et al., 1998).

The lack of well-defined crystalline phases among
precipitates formed as a result of microbial activity
often limits the utility of XRD in characterizing
inorganic reaction products. Also, the large beam size
associated with XRD requires relatively large quanti-
ties of material to produce a pattern. Precipitates
formed in liquid microbial cultures are typically



Table 1
Features of different surface analytical techniques used to investigate microbe—mineral interactions
Technique  Elements Detection ~ Spatial Penetration Aqueous Oxidation Coordination Spatial Structural  Limitations Features
limit resolution  depth phase state chemistry information information
XRD Those 2% 100 nm 3-675 pm No Yes Inorganic No Yes Crystalline Mineralogy
forming phases only characterization
crystals
Synchrotron- Fe 100 nm Yes Yes Inorganic Yes Yes Crystalline Mineral
XRD minerals phases only transformation
to date reactions in situ
SEM-EDS  Atomic 10" %g 0.3 um I pm No No No Yes Limited Limited Spatial relationships
no. >8 (0.1-1%) chemical/mineral between elements,
information microbes
and solid phase;
quantitative analysis
TEM-EDS  Atomic 10" %g 10— Thin section No No No Yes Limited Same as High-resolution
no. >8 (0.1-1%) 100 nm (10-100 nm) SEM-EDS spatial
relationships between
elements,
microbes and
solid phase
HR-TEM Those 10" '%g 100 nm Thin section No No No Yes Yes Crystalline Structure of
electron  forming (10—100 nm) phases only nanometer-size
diffraction crystal crystals; spatial
phases relationships between
crystals and microbial
structures
EF-TEM Atomic 10 nm Thin section No No No Yes Yes Elemental Identification of
no. >1 (10—100 nm) imaging amorphous and
crystalline phases;
spatial relationships
between inorganic
phase and microbial
cell structures
EELS Atomic 1072 g; 10 nm Thin section Yes Yes Yes Yes No Thin specimen Identification of
no. >1 (300 atoms (10—50 nm) required; requires oxidation states of
in case of knowledge of metals associated
phosphorus) atomic and solid- with hydrated

state physics,
electron optics
and electronics

microbial cells
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X-PEEM
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most

Those
involved
in bonds
yielding
large
Stoke’s
shift

Hard
X-rays:
metals,
actinides;
Soft
X-rays:
C, O,

N, Si
Same as
XANES

Metals,
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C, O, N, Si
Fe, Ni, Zn,
Ge, Kr, Rb,
Ru, Sn, Sb,
Te, I, Cs, La,
Hf, W, Re,
Os, Ir, Pt, Au,
Hg, Tl, Ra, Th,
Pa, Np, U, Pu,
Am, Cm

Tens of
micrometers

10 pm

Tens of
nanometers

Tens of

nanometers

Tens of
nanometers

Tens of No
Angstroms

70 pm in water; Yes
near surface

Tens of Yes
micrometers

Tens of Yes
micrometers

Thin section Yes
(tens of
micrometers)
Surface atoms, No
10-20 pm

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Limited

Yes

Yes

Yes

Interference
from surface
contamination

Dissolved solutes
must be in 1-5%
concentration
range

Beamline
accessibility

Beamline
accessibility

Not yet applied
to microbe—metal
interactions

Not applicable

to some elements
or minerals of
interest

Surface sensitive,
oxidation state,
organic and inorganic
compounds

Spatial information
on dissolved and
precipitated organic
and inorganic
material;
nondestructive,
real-time sampling
of biological
material
Information on
average local
structure; oxidation
state of a metal or
radionuclide

Information on
average short-range
order around an
element in non
crystalline material
Evaluation at
specific depths

Resolution of
different Fe
minerals when
present in
same sample
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spread over a surface to dry before XRD interrogation
in order to accommodate the limited depth of pene-
tration of the electron beam into the sample, thus
disrupting spatial relationships between the micro-
organisms and the different mineral phases that are
present. Samples containing complex mixtures of
crystalline phases or of a predominant amorphous
nature are difficult to interpret. However, XRD can
provide positive identification of those mineral phases
that display crystalline structure.

3.2. In situ time-resolved X-ray diffraction using
synchrotron X-ray source

Recently, the use of synchrotron radiation to
enhance the brilliance of X-rays has made it possible
to preserve spatial relationships and follow mineral
transformation reactions in situ (Table 1). Anoxic and
oxic reactions during abiotic pyrite formation were
followed for the first time in a Fe-S system using in
situ time-resolved X-ray diffraction by Cahill et al.
(2000). In one set of experiments, the incident X-ray
beam was reduced to 1.0 X 0.5 mm, and the X-rays
diffracted from the sample were collected on a trans-
lating image plate system. The reaction cell consisted
of a 0.7-mm horizontally mounted quartz capillary
mounted on a Huber four-circle goniometer. A full
diffraction pattern was collected from a portion of the
imaging plate, the plate was translated to expose a
fresh area of the sample, and a new diffraction pattern
was collected. With this translating image plate sys-
tem, time resolution for these experiments was 5 min
or less. Using this approach, it was demonstrated that
mackinawite (Fe; +,S) is the only Fe-S phase to occur
during heating to 120 °C in the presence of H,S under
anoxic conditions. However, with the controlled intro-
duction of small quantities of oxygen, mackinawite
rapidly transformed to greigite (Fe;S;) and then to
pyrite (FeS,) with goethite (a-FeOOH) present
throughout the heating period. Typically, XRD of
solid samples at a synchrotron source can detect less
than 1.0% by weight of a secondary phase. However,
with interference from water and the steel sample cell
of the translating image plate system, the detection
limit was estimated to be closer to 5.0%. It may be
possible to reconfigure the reaction chamber in order
to incorporate a biological component in studies of
nucleation reactions of FeS and other minerals.

3.3. Mossbauer spectroscopy

Application of Méssbauer spectroscopy to inves-
tigate chemical and physical phenomena of surfaces
began in 1964 with studies involving iron and tin.
Maéssbauer spectroscopy is based on nuclear trans-
formations involving recoilless gamma resonance flu-
orescence (radiation, absorption, scattering), most
successfully in isotopes having long-lived low-lying
excited nuclear energy states, >'Fe being of particular
utility. The Mossbauer effect can be detected by
monitoring radiation, which is resonantly reemitted
by the absorber after resonance absorption of the
incident +y-rays. Although Mdssbauer spectroscopy
has focused primarily on °’Fe and Sn using °’Co
and ''°Sn radiation sources, it can be applied to a wide
range of elements (Table 1). Mdssbauer spectroscopy
provides information on a broad range of chemical
and physical phenomena at solid surfaces (Table 2).
Chemical shifts and quadruple splitting in Mdssbauer
spectra of iron compounds can be used to identify
those compounds and the Fe oxidation state. Mdss-
bauer conversion electron spectroscopy has been used
to determine qualitatively and quantitatively various
iron oxides and oxyhydroxides like magnetite, hema-
tite, wustite and a-FeOOH, B-FeOOH and y-FeOOH,
even when these different minerals coexist in the
sample (Gutlick et al, 1978). 3’Fe Mossbauer spectro-
scopy can also yield depth-selective Mdssbauer spec-
tra over 10-20 pm by changing from one type of
backscattered radiation to another (i.e., resonantly
scattered +y-rays, L shell conversion electrons, K, X-
rays, and Kp Auger electrons). The conversion elec-
trons and Auger electrons yield spectra of the <1000
atoms proximal to the surface of a sample, making it a

Table 2
Chemical and physical phenomena interrogated by Madssbauer
spectroscopy (Gutlick et al., 1978)

Surface atoms
Electronic state and local symmetry
Magnetic properties
Intramolecular and intermolecular vibrations
Surface diffusion
Adsorption processes
Chemistry of surface compounds
Catalysis
Topochemical reactions
Boundary effects on internal atoms of a solid
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useful technique to study oxide films. Mssbauer has
been used to good effect in both laboratory and
environmental samples to identify iron carbonate
(siderite) and green rust formation in laboratory cul-
ture by S. putrefaciens strain CN32 (Kukkadapu et al.,
2001) and in recent anoxic sediments from the Seine
estuary (Boughriet et al., 1997).

3.4. High-resolution electron diffraction

High-resolution transmission electron microscopy
(HR-TEM) has been used to obtain images and
structural information of very small (nanometer-size)
crystalline particles, including those associated with
mineral-transforming bacteria (Fig. 1). At high mag-
nification, lattice fringes can be resolved whose spac-
ing is used to deduce crystal structure. Convergent
beam diffraction (CBD) is accomplished using an
incident-beam diameter of the order of 20 nm. Besides
providing information on crystal symmetry, CBD can
be used to measure small (0.1%) changes in lattice
parameters due to atomic concentration gradients.
Features of this technique are presented in Table 1.
Watson et al. (2000) used the spacing of the lattice
rings to deduce a greigite structure in nanometer-size
crystals formed by sulfate-reducing bacteria in the
presence of sulfate and iron. Similarly, Neal et al.
(2001) used electron diffraction data to resolve a
hexagonal structure associated with iron sulfides pro-
duced by sulfate-reducing bacteria on hematite, which

O o
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supported X-ray diffraction data consistent with a
pyrrhotite phase.

Selected area electron diffraction (SAED) has been
used to obtain electron diffraction patterns from
crystals on the order of 0.1 um in size. SAED was
employed by Posfai et al. (1998) to characterize single
crystal iron sulfides formed within magnetotactic
bacteria. Donald and Southam (1999) used SAED to
identify micrometer-sized cubic minerals associated
with sulfate-reducing bacteria as [111] pyrite, having
an observed d-spacing of 3.14 A. Theoretically, one
can use this technique to distinguish between an
intracellular and a cell surface site of crystal initiation.
However, it is often difficult to prepare sufficiently
thin sections of sample without disrupting the or-
ganic—mineral interface.

3.5. Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy is used in
conjunction with electron microscopy to identify
elemental composition, relative abundance and distri-
bution within a sample at high spatial resolution
(Table 1). EDS does not distinguish oxidation state
of elements, which is important in demonstrating the
biotransformation of a mineral. When used with a
scanning electron microscope (SEM), the level of
resolution is on the order of 1 um and when used
with a transmission electron microscope (TEM) can
achieve a resolution on the order of 0.1 um. The EDS
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Fig. 1. TEM low (left) and high (center) magnification image of a thin section of the metal-reducing bacterium S. algae strain BrY incubated in
an anaerobic solution containing 100 mM uranyl acetate. This unstained preparation clearly reveals the presence of uranium precipitates on the
cell surface and within the periplasmic region of this Gram-negative bacterium. Extracellular precipitates resulting from the reduction of
dissolved U(VI) to highly insoluble U(VI) exhibit d-spacing of 3.0A, as shown by high-resolution lattice fringe imaging, and are consistent with
the reduced uranium oxide uraninite (right). Courtesy of Yuri Gorby, Bruce Weilinga and Alice Dohnalkova.
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energy-dispersive detector partitions and quantifies X-
rays emitted from the specimen when probed with the
electron beam. Element discrimination is based on the
fact that each element emits X-rays of a characteristic
energy. Elements lighter than boron cannot be
detected using standard EDS, and many elements
must be at levels 100 ppm or greater to produce a
detectable signal. Because the electrons bombarding a
sample at typical energies of ~ 15 keV can penetrate
on the order of 1 um into the specimen, the emitted X-
rays provide information on elemental composition of
the bulk material. Before analysis under high vacuum,
samples must be dehydrated. Spatial relationships
between biological and mineral components may be
disrupted during dehydration, even when steps are
taken to stabilize biological structures through chem-
ical fixation.

Donald and Southam (1999) employed SEM-EDS
to determine the extent of conversion of FeS to FeS,
at the surface of cells of sulfate-reducing bacteria
based on relative abundance of Fe and S at these
locations. Lloyd et al. (2001) used TEM-EDS to
demonstrate that the products of Cr(VI) reduction
and Te(IV) reduction were associated with cells of
sulfate-reducing bacteria. Lloyd et al. (2000) used
TEM-EDS to demonstrate the precipitation of Tc at
the periphery of Tc-reducing cells of Geobacter sul-
furreducens. McLean and Beveridge (2001) and
McLean et al. (2000) successfully imaged a Cr-reduc-
ing pseudomonad by TEM-EDS without fixation or
staining due to the electron density contributed by the
reduced Cr species adsorbed to the cell. Thus, EDS
has become a valuable means of resolving spatial
relationships between microbial cells and specific
elements associated with mineral phases.

3.6. Energy-filtering transmission electron micro-
scopy (EF-TEM)

Energy-filtering transmission electron microscopy
is a powerful new method for detecting and identify-
ing inorganic precipitates formed in the presence of
microorganisms. An electron energy filter is used to
filter out all inelastically scattered electrons in the
precipitate, thus eliminating chromatic aberration
from the final image. A two-dimensional elemental
image is produced from thin specimens with nano-
meter resolution in less than 1 min (Table 1). The

method can be used for chemical characterization of
both crystalline and amorphous materials that nucleate
at the surface of a bacterial cell. The technique has
been successfully used to characterize secondary
phases in steels (Warbichler et al., 1998). Barker
and Banfield (1998) employed EF-TEM to resolve
discrete zones of biogeochemical weathering of sili-
cate mineral assemblages containing lichen commun-
ities.

3.7. Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy is one of the
many techniques that can be used to determine struc-
ture and/or chemical composition of a solid (Table 1).
EELS provides information about chemical, crystallo-
graphic, and electronic structure of an element. EELS
compares the differences in fine structure of absorp-
tion edges (or white lines) of metals in standards of
known oxidation state to determine the oxidation state
of metal atoms at high spatial resolution. Absorption
edges, such as the L, ; absorption edge, are produced
by excited electron dipole transitions between core
2ps,» and core 2p,, spin-orbit split levels to unoccu-
pied 3d levels. Spectra of different 3d” configurations
differ and can be used to identify valance state. The
minimum detectable concentration or mass fraction is
60 ppm for Ca in a carbon matrix using this technique
(Egerton, 1986). In recent years, electron microscop-
ists have used EELS as a method of light-element
microanalysis, for which purpose a simple magnetic-
prism spectrometer mounted beneath a conventional
TEM with scanning transmission electron microscopy
facilities is sufficient. Daulton et al. (in press) used
EELS to determine the oxidation state of Cr associ-
ated with metal encrusted cells of Shewanella onei-
densis strain DSP10 under hydrated conditions.

3.8. X-ray photoelectron spectroscopy (XPS)

Of the spectroscopic techniques included here, X-
ray photoelectron spectroscopy is one of the more
established techniques, applicable to both mineral
(Hochella 1988) and microbial (Rouxhet and Genet
1991; van der Mei et al., 2000) surfaces (Table 1).
XPS exploits the unique energies of photoelectrons
liberated from atoms of different elements within a
sample exposed to stimulating X-rays. Any electron



G.G. Geesey et al. / Journal of Microbiological Methods 51 (2002) 125-139 133

with a binding energy lower than that of the stimulat-
ing radiation (1486.6 eV for an AlK|, source, 1256.6
eV for an MgK, source) may be ejected from a
sample. Analysis of the ejected photoelectrons pro-
vides elemental and chemical state information. XPS
generally probes a few tens of angstroms and is
therefore considered a near-surface probe. This “sur-
face sensitivity” may be problematic when studying
mineral surfaces and associated microbial cells
because the chemistry of interest may be buried under
other material. At low resolution, XPS provides data
similar to EDS (see above) describing elemental
abundance in a sample. High-resolution spectra yield
information about the valence state of elements
present.

Despite potential problems arising from the surface
sensitivity of XPS, the technique is used to good
effect in probing bacterial—metal interactions. Asso-
ciation of Fe with exopolymers of Desulfovibrio
indonensis (Beech et al., 1999) and a Burkholderia
sp. (Johansson and Saastamoinen, 1999) has been
identified. Depletion of Fe at the surface of horn-
blende by an Arthrobacter species was detected using
XPS by comparing Fe/Si ratios of samples exposed to
bacteria to ratios of unexposed samples (Kalinowski
et al., 2000). Francis et al. (1994) employed a curve
fitting algorithm to the peaks in the U4f core region of
the spectrum to demonstrate reduction of U(VI) by a
Clostridium sp. Curve fitting of peaks in the Fe2p
regions of XPS spectra of precipitates produced dur-
ing growth of Desulfovibrio spp. consisted of mixed
valence Fe(Il)/Fe(IIl) sulfides that resembled greigite
and pyrrhotite (Herbert et al., 1998; Neal et al., 2001).

3.9. Raman spectroscopy

Raman spectroscopy, like infrared spectroscopy,
probes quantum state transitions associated with
molecular vibrations but relies upon scattering of the
incident light rather than absorption (as is the case
with infrared). An organic or inorganic molecule,
which has an inducible dipole moment, has the
potential to produce a Raman spectrum having unique
albeit complex features that permit positive identifi-
cation. Raman has been used to probe the surfaces of
metal sulfides exposed to microbial populations
known to be important in pyrite dissolution at the
Richmond Mine at Iron Mountain in northern Cal-

ifornia (Edwards et al., 2000). Comparison of Raman
spectra of the surface of a single pyrite crystal
exposed to the microbial populations with the spectra
of a pyrite surface exposed to sterile acid solution
under otherwise similar conditions revealed three
peaks at 470, 217, and 151 cm ! when the micro-
organisms were present, which were not present under
abiotic conditions. The peaks were characteristic of
orthorhombic (S?) sulfur. Calibration of the Raman
data indicated that the sulfur layer was on the order of
several hundred angstroms thick if distributed uni-
formly across the surface.

Raman spectroscopy was also employed to com-
pare the species of the sulfur deposited on marcasite
(FeS,) and arsenopyrite (AsFeS,) mineral surfaces in
the presence of a sulfur-oxidizing bacterial isolate and
in the presence of sterile acid solution. In contrast to
pyrite, the surfaces of these other minerals accumu-
lated elemental sulfur (S9) under abiotic conditions
but not in the presence of the bacterial isolate
(Edwards et al., 2000). These results encouraged
reconsideration of a widely accepted mechanism of
sulfide mineral dissolution involving sequential oxi-
dation of surface sulfur atoms to form thiosulfate
anion, which is then liberated along with Fe? " ions
into the bulk aqueous solution (Singer and Stumm,
1968).

The laser beam can be highly focused using a
microprobe to obtain Raman spectra at high spatial
resolution. Cooney et al. (1999) used this approach to
probe the complex geochemistry of the Martian mete-
orite ALH84001. Raman spectroscopy was used to
look for evidence of biochemical signatures of the
submicroscopic structures associated with the meteor-
ite. Raman imaging was employed by Boughriet et al.
(1997) to identify FeS and pyrite formation in anae-
robic sediments from the Seine estuary. By combining
Raman microprobe and confocal microscopy, Pasteris
et al. (2001) showed that S§ was precipitated intra-
cellularly in the bacterial endosymbionts of the clam
Calyptogena.

Shortcomings in the sensitivity of Raman spectro-
scopy are driving the development of instruments with
deep ultraviolet (UV) lasers with excitation wave-
lengths between 224.3 and 248.6 nm. Many organic
molecules have electronic adsorption bands, which
fall in this range, and coupling of these electronic and
vibrational transitions leads to a significant increase in
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spectral intensity termed resonance Raman scattering.
Many of the molecules, in microbial cells for which
resonance Raman is pertinent, have a ring structure,
such as the amino acids tryptophan and tyrosine and
the nucleic acids guanine, adenine and cytosine. Even
though these molecules are found in all cells, reso-
nance Raman spectra vary among species and over
different phase of growth in cultures at cell densities
between 10 and 10'° cells/ml (Wu et al., 2001). The
utility of deep UV excitation is further emphasized by
employing the native fluorescence arising from cellu-
lar components (again, amino acids and nucleic acids)
to visualize cells as well as to collect resonance
Raman spectra. Using this combination, single cells
of S. oneidensis have been imaged in situ in real time
on unpolished surfaces of calcite and in a Mars soil
analogue (Storrie-Lombardi et al., 2001). Lasers,
which excite in the deep UV, are of little utility in
collecting spectra from inorganic molecules that are
more typically excited with visible radiation such as
the 514.4 and 676.4 nm lines from Ar" and HeNe
lasers, respectively.

Because Raman is relatively insensitive to water,
high-quality spectra can be readily obtained for fully
hydrated samples. Suci et al. (2001) used Raman
microscopy to determine nondestructively in real time
the concentration of an antimicrobial agent at different
locations within a yeast biofilm growing on a germa-
nium surface in the presence of a flowing aqueous
phase. By combining native fluorescence imaging and
resonance Raman spectroscopy using deep UV exci-
tation for detection of biological constituents with
nonresonance Raman spectroscopy using visible exci-
tation for detection of the mineral phases, it should be
possible to evaluate mineral transformations at the
cellular level under hydrated conditions.

3.10. X-ray absorption spectroscopy

X-ray absorption spectroscopy has evolved as a
means to study surface chemistry under fully hydrated
conditions. In X-ray absorption spectroscopy, the
intensity of a transmitted beam of X-rays is measured
as a function of incident wavelength. A synchrotron is
used to produce high-energy electrons, which are then
captured by a bending device and manipulated to
enhance the brilliance of generated X-rays. X-ray
absorption edges occur at an incident energy close to

the binding energy of the core electrons of an atom.
These absorption edges are analogous to the ionization
edges seen in electron energy loss spectra. Fine struc-
ture is present in the near-edge region as well as in a
region up to several hundred electron volts beyond the
edge. Near-edge information is captured by X-ray ab-
sorption near-edge spectroscopy (XANES), while
information at energies further from the edge is cap-
tured by extended X-ray absorption fine structure
(EXAFS). Fine structure provides information on the
immediate atomic environment and is used to deter-
mine interatomic distances relative to a known element
even in the case of amorphous samples (Table 1).
Synchrotron radiation offers the means to determine
the number and identity of coordinating atoms and
using model compounds bond angles around an ele-
ment of interest. Such information is often critical for
establishing mechanisms of biotransformations of a
mineral by microorganisms.

Beamlines at synchrotron radiation facilities world-
wide are becoming increasingly available to evaluate
oxidation state and coordination chemistry of atoms of
metals, minerals and radionuclides transformed by
microorganisms. The high-energy (hard) X-rays from
synchrotron sources can penetrate samples that are
tens of micrometers in thickness while maintained in a
fully hydrated environment. For example, the density
and distribution of elements such as chromium and
potassium have been obtained in a fully hydrated
environment at the resolution of a single bacterial cell
using synchrotron X-ray absorption spectroscopy
(Fig. 2). Alternatively, low-energy (soft) X-ray
absorption techniques are more sensitive to the lighter
physiological elements such as C, O, N and Si, but
progress in this area has been slow due to specimen
charging under X-ray illumination. For detailed
reviews on the experimental aspects of X-ray absorp-
tion spectroscopy and geological applications of syn-
chrotron radiation, the reader is referred to Meitzner
(1998) and Henderson et al. (1995), respectively.

3.11. X-ray absorption near-edge structure

X-ray absorption near-edge structure, typically
within 40 eV of the absorption edge, is sensitive to
both electronic and molecular (or cluster) structure,
providing information on the average local structure
and to some extent oxidation state of a metal or
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Fig. 2. Potassium (top) and chromium (bottom) elemental maps
obtained by synchrotron X-ray absorption spectroscopy at sector 2
at the Advanced Photon Source at Argonne National Laboratory
showing spatial relationship between a hydrated bacterial cell (P,
fluorescens), as defined by potassium density, and chromium
precipitated on the outside of the cell. Each image is 25 pm®.
Courtesy of B. Lai, Z. Cai, J. Maser, P. Ilinski, D. Legnini, W.
Rodrigues, W. Yun, S.T. Pratt and K.M. Kemner (Argonne National
Laboratory), M.A. Schneegurt and C.S. Culpa, Jr. (University of
Notre Dame) and K.H. Nealson (California Institute of Technology).

radionuclide (Table 1). In general, near-edge absorp-
tion features represent transitions to unoccupied elec-
tronic levels successively higher in energy, with
modulations due to selection rules, as well as multiple
scattering phenomena (Durham, 1988). A linear rela-
tionship has been shown to exist between the fraction
of an element in a solid and relative XANES energy
edge (Bertsch et al., 1994). A shift to higher energy
with respect to the XANES energy edge indicates an
increase in the average oxidation state of an element.

Samples of biological material for XANES or
EXAFS analysis may be inserted in a chamber sealed
with Mylar film. Alternatively, a small amount of
solid sample can be placed in the well of a Lucite
plate and sealed with Kapton (polyimide) tape before
exposure to the radiation source (Fredrickson et al.,
2000). Some chambers have been modified to control
the composition of the gas phase to achieve anaerobic
conditions.

Francis et al. (1994) utilized XANES to reproduce
XPS results indicating the reduction of U(VI) by
anaerobic cultures of a Clostridium sp. Whereas the
XPS results suggested a U reduction product with a
valence of 4", XANES data suggested a more
reduced oxidation state. Because XANES can probe
to greater depths in the sample than is possible with
XPS, comparison of results obtained by these two
spectroscopic techniques may offer a means to dis-
tinguish the oxidation state of an element residing at
different locations on or within a bacterial cell.

XANES was used to characterize the solid phase of
mineral suspensions in U(VI)-containing aqueous
media inoculated with dissimilatory metal-reducing
bacteria (Fredrickson et al., 2000). U-L; edge XANES
revealed that microbiologically reduced solids were
predominantly in the U(IV) oxidation state. XANES
was also used by these authors to demonstrate micro-
bial reduction of U(VI) in crystalline metaschoepite to a
tetravalent form of U.

XANES was used to study the structural properties
of strongly magnetic iron sulfide produced in the
presence of sulfate-reducing bacteria (Watson et al.,
2000). By comparing the Fe K-edge spectrum of this
biologically derived material to that of several iron
sulfide model compounds, these investigators sug-
gested the magnetic iron sulfide material most closely
resembled that of mackinawite, in which the Fe is
tetrahedrally coordinated to four S atoms.

Wielinga et al. (2001) employed Cr K-edge
XANES to determine valence state of Cr associated
with the solid phases produced in a stirred-flow
reactor containing iron (hydr)-oxides and dissimila-
tory iron-reducing bacteria. XANES analysis verified
that all of the Cr present was in the reduced Cr(III)
state and offered preliminary structural data indicating
that the reduced Cr was associated with Fe hydrox-
ides. Bargar et al. (2000) used in situ XANES to
characterize the intermediates and products of Mn(II)
oxidation by spores of a marine Bacillus sp. in a flow-
through reaction cell described by Villinski et al.
(1999). After agitating bacterial spores in an anoxic
MnCl, solution for a period of time to allow adsorp-
tion of Mn(Il) to the bacterial cells, the bacterial
suspension was circulated through the reactor at the
same time an air-equilibrated Mn(II) solution was
introduced and X-ray absorption spectra were meas-
ured continuously throughout the subsequent oxida-
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tion reaction. Only MnO, was detected during the
oxidation reaction even though Mn(III)/(I/III) oxides
were predicted to be more stable than MnO, under
these conditions. This approach permits detection of
short-lived (>10—60 min) intermediates that occur at
abundances >5-10%.

3.12. Extended X-ray absorption fine structure

Extended X-ray absorption fine structure provides
information on average short-range order around an
element of interest and has been used to characterize
interactions between atoms within solution phase
metal—organic complexes (Table 1). EXAFS revealed
that the U and Fe of a U/Fe/citrate ternary complex are
coordinated through carboxylate and hydroxyl groups
to the citric acid molecules with chelation of Fe to U
occurring through a m-citrato bridge (Dodge and
Francis, 1997). EXAFS can also be used to identify
complexation reactions between metal ions and
organic molecules, such as those produced by micro-
organisms proposed for in situ mobilization and
immobilization of radionuclide contaminants in sub-
surface environments. The reader is referred to a
recent review by Charnock (1995) for additional
information on the biological applications of EXAFS
spectroscopy.

EXAFS is well suited to structural analysis of
noncrystalline materials, providing short-range order
information in the absence of X-ray diffraction pat-
terns. Using this approach, Suzuki et al. (2001)
showed that the local structures around ferric ions in
ferric oxyhydroxides are disordered, although the
atomic local structures of Fe-O behave as local
structural units. Because the reaction products of
microbiologically influenced inorganic precipitation
reactions at mineral surfaces often have limited crys-
tallinity, EXAFS offers a means of characterizing the
nature of these products. Lloyd et al. (2000) employed
EXAFS to verify microbiological reduction of tech-
netium (VII) as the pertechnetate ion (TcO4 ) to
Tc(IV) as TcO,-H,0. Technetium reduction occurred
indirectly via biogenic magnetite formation and
directly via a hydrogen-dependent mechanism.
EXAFS has also been used in conjunction with
XANES to characterize bacterially derived magnetic
iron sulfides (Watson et al., 2000). In this study,
EXAFS fitting parameters supported XANES data,

suggesting that Fe is mainly tetrahedrally coordinated
and likely to be in the form of mackinawite.

3.13. Soft X-ray spectromicroscopy

Soft X-ray transmission microscopy allows high-
resolution, through-sample observations of reactions
in a wet environment at normal pressure. Originally
developed for imaging wet biological material, this
technique has expanded its applications to industrial
chemistry and environmental science. Interactions
between X-ray photons and electrons in the sample
produce contrast, which can be displayed as a micro-
scopic image. While phase contrast is used to some
extent, photoelectric absorption is the primary mech-
anism for producing contrast. For each element,
absorption varies with X-ray photon energy. Contrast
depends primarily upon the difference between
absorption by the solid and liquid phases in a sample.
The spectroscopic capabilities of the soft X-ray micro-
scope compare the image from a more absorbing
region of an element of interest with that obtained
from a less absorbing “edge” region. The instrument
operates optimally (43 nm resolution) when imaging
samples of up to 10 mm in thickness but has been
used successfully for samples up to 50 mm in thick-
ness. Details of the technique have been published by
Meyer-Ilse (1999).

Spectroscopic capabilities in the soft X-ray range
(1-50 nm) permit evaluation at specific depths, thus
allowing characterization of reaction products at the
interface of an oxide film and base metal in a fully
hydrated aqueous environment (Kurtis et al., 2000).
The corrosion of iron in water has been studied by this
technique by sandwiching a mixture of iron filings
and polystyrene beads between two silicon nitride
windows mounted on a sample carrier. Iron distribu-
tion maps were produced by this approach that
revealed locations of iron corrosion. Although this
technique has potential to yield novel information on
mineral-microbe interactions, to our knowledge, it
has not yet been applied in this area.

3.14. X-ray photoelectron emission spectromicroscopy
(X-PEEM)

X-ray photoelectron emission spectromicroscopy
has developed into a tool to investigate magnetic
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properties of materials, microchemistry of cells and
tissues, bacteria and their metabolic by-products, and
elements that are highly localized minerals (Table 1).
X-PEEM can achieve lateral resolution of 20 nm
while providing information on elemental composi-
tion through total yield XANES. Labrenz et al. (2000)
used X-PEEM in conjunction with other spectroscopic
techniques to identify nanometer-diameter sphalerite
(ZnS) particles formed within biofilms of aerotolerant
sulfate-reducing bacteria. X-PEEM confirmed the
presence of sulfide and sulfate within the cell-asso-
ciated mineral aggregate. X-PEEM was used success-
fully to interrogate the valence state of Mn in a 1-mm
thick rock (De Stasio et al., 2000; 2001). X-PEEM has
also been applied to wet samples confined in a sealed
cell that can be installed in a ultrahigh vacuum
system.

X-PEEM interrogation of dehydrated samples
composed of lighter elements is restricted by sample
charging. Gilbert et al. (2001) attempted to overcome
the problem of charging in ultrathin samples of bio-
genic silica in a cyanobacterial mat under ultrahigh
vacuum by inducing photoconductivity. In this case,
they used near-UV laser illumination in conjunction
with Si L-edge X-ray photoelectron emission spectro-
scopy to investigate Si mineral chemistry. While the
electron yield from the Si was elevated by this
approach, the image obtained was highly distorted
and the internal structures were obscured. Sample
charging thus remains a largely unresolved problem
for X-PEEM analysis of most biological material.

4. Conclusions

Microbial transformations of minerals can be inves-
tigated by a variety of surface spectroscopic techni-
ques. In addition to identifying and mapping the
distribution of elements on a surface (EDS and soft
X-ray TEM), some surface-sensitive spectroscopic
techniques can resolve the oxidation state of an element
(XPS, EELS and X-PEEM) and provide information on
the identity of neighboring atoms and their orientation
(XANES and EXAFS). That some of these techniques
can obtain this information from hydrated samples
offers the opportunity to characterize biological reac-
tions involving mineral oxidation and reduction and the
adsorption and precipitation processes accompanying

these redox reactions (X-PEEM, RS, EELS, XANES
and EXAFS). These techniques will become in-
creasingly useful for determining the range of bio-
geochemical transformations in which subsurface
microorganisms participate and the conditions under
which microorganisms may be exploited to remediate
metal-contaminated and radionuclide-contaminated
sites in subsurface environments.
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