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Synchrotron radiation-based (SR) Fourier-transform infrared (FTIR) spectromicroscopy
in the mid-infrared region is a surface analytical technique that can provide direct
insights into the localization and real-time mechanisms for the reductionof the (CrO4)2¡

chromate [Cr(VI)] species on surfaces of geologic materials. Time-resolved SR-FTIR
spectra indicate that, in the presence of endoliths (mineral-inhabiting microorganisms),
microbial reduction of Cr(VI) to Cr(III) compounds on basaltic mineral surfaces is the
key mechanism of Cr(VI) transformation. It proceeds in at least a two-step reaction
with Cr(V) compounds as possible intermediate products, with the reduction of Cr(VI)
increasing during the concomitant biodegradation of a dilute organic vapor (toluene).
Analyses of spatially resolved SR-FTIR spectra show that the maximum reduction of
Cr(VI) to Cr(III) compounds occurs on surfaces densely populated by microorganisms.
The oxidation state of Cr(III) compounds was con� rmed by micro-x-ray absorption � ne-
structure spectroscopy. Both the time- and space-resolvedSR-FTIR spectra show that in
the absence of endoliths, Cr(VI) reduction is insigni� cant. With this effort, the potential
use of SR-FTIR spectromicroscopy in providing mechanistic information of reduction
of Cr(VI) has been demonstrated. This method can now be expanded to examine other
IR-amenable microbial/chemical contaminant systems.
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Designing effective strategies to immobilize and detoxify metal ions of high-oxidation states
in geologic materials requires an accurate characterization and fundamental understanding
of the nature of biogeochemical reactions at metal ion/geologic material interfaces. This
surface biogeochemistry can be highly variable at a microscopic level, which arises from the
small-scale (ranging from 1 l m to hundreds of micrometers) surface heterogeneity involv-
ing the distributions of clusters of endoliths (mineral-inhabiting microorganisms), reactive
molecules of metal oxides, and/or organic molecules. The methodology commonly used to
study this heterogeneous biogeochemical phenomenon is a combined microscopic imag-
ing and x-ray spectromicroscopy technique. This includes, for example, x-ray absorption
� ne-structure (XAFS) spectroscopy (Peterson et al. 1997; Cheah et al. 1998; Conradson
1998), x-ray � uorescence (XRF) spectroscopy (Kaplan et al. 1994), and x-ray photoelectron
spectroscopy (XPS) (Perry et al. 1990; Biino et al. 1998; Fiedor et al. 1998). However, the
irradiation intensity associated with x-ray spectromicroscopy techniques can damage the
endoliths, and thus has defeated the use of x-ray spectromicroscopy techniques for study-
ing the biogeochemical reactions as they are occurring at the metal ions/endolith/mineral
interfaces.

In this paper we describe a study that explored and used a nondestructive method
to complement the above-mentioned x-ray absorption surface chemistry techniques. The
method uses synchrotron radiation-based (SR) Fourier-transform infrared (FTIR) spectro-
microscopy to study real-time biogeochemical reactions at the metal ion/endolith/mineral
interfaces. SR-FTIR spectromicroscopy is used because this sensitive analytical technique
has been proven capable of providing direct molecular information on surface compositions
at a (diffraction-limited) spatial resolution of 10 l m or better. For example, Bantignies et al.
(1995) demonstrated that SR-FTIR spectromicroscopy could be used to analyze the com-
position of clay mineral surfaces. Guilhaumou et al. (1998) successfully mapped � uid
inclusions and volatilization in geologic materials, using similar instrumentation. Recently
Jamin et al. (1998) showed that the instrumentation sensitivity is suf� cient to map the dis-
tribution of functional groups of biomolecules such as proteins, lipids, and nucleic acids
with a spatial resolution of a few micrometers.

To explore and demonstrate the ef� cacy of SR-FTIR spectromicroscopy as a promising
tool for elucidating the mechanisms and the pathways of metal transformations as the
reactions are happening at the metal ions/endolith/mineral interfaces, we used the method to
investigate the biogeochemical reduction of the chromate ion [Cr(VI)] in geologic materials.
This contaminant/endolith/mineral system was selected because it is one system for which
real-time interfacial information of the Cr(VI) transformation draws intense interest. Cr(VI)
is a widespread, highly mobile, and toxic contaminant that enters the environment through
various industrial processes. When in the oxidized hexavalent form, the chromium readily
crosses cell membranes mainly via the sulfate (SO4)2 ¡ active transport system (Ehrlich
1990), becomes toxic to many ecological receptors, and is carcinogenic to mammals (Ohtake
and Silver 1994; Snow 1991). When in the reduced trivalent form, the chromium tends
to form relatively insoluble compounds that often cannot cross cell membranes and thus
become substantially less harmful to the same biological systems (Nieboer and Jusys 1988).
Recent studies have con� rmed that certain species of bacteria (Wang and Shen 1995; Turick
et al. 1996; Lovley and Coates 1997; Silver 1998), molecules of mixed mineral oxides [such
as Fe(II), Fe(III), Mn(II), Mn(III), and Mn(IV)], and many small organic compounds can
catalyze the reduction of Cr(VI) to Cr(III) (Bidoglio et al. 1993; Deng and Stone 1996;
Guo et al. 1997). This has stimulated keen interest in the exploration of the biogeochemical
reduction of the Cr(VI) metal ions in geologic materials (e.g., Losi et al. 1994; Shen et al.
1996; Ahmann, 1997) to obtain insights into the selection and improvement of remediation
strategies to immobilize and detoxify Cr(VI) .
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The SR-FTIR spectromicroscopy experiments of the selected biogeochemical phe-
nomenon were � rst conducted on surfaces of a model mineral phase with and without the
concomitant biodegradation of a model organic co-contaminant, and then on surfaces of ge-
ologic samples from a contaminated site with the model organic co-contaminant. Magnetite
was selected as the model mineral phase because it is a ubiquitous component of geologic
materials (Kostka and Nealson 1995) and is extremely ef� cient in the adsorption of bacterial
cells (Wong and Fung 1997). Arthrobacter oxydans, a widespread Gram-positive endolithic
bacterium found in our geologic samples (see below), was used to model Cr(VI)-tolerant and
-reducing bacteria. Toluene vapor was selected as a model organic co-contaminant, because
this type of small aromatic hydrocarbon is commonly found as a co-contaminant in many
Cr-contaminated sites (Shen et al. 1996). At the end of the SR-FTIR spectromicroscopy
study, the � nal spatial distribution of chromium on surfaces of geologic samples was vali-
dated by micro-x-ray � uorescence ( l -XRF) spectroscopy. The oxidation state of detected
chromium was validated by micro-x-ray absorption � ne-structure (l -XAFS) spectroscopy.
Our results have not only demonstrated the usefulness of the SR-FTIR technique but also re-
vealed the possible pathway of Cr(VI) reduction and the strong correlation between Cr(VI)
reduction and areas of mineral surfaces where endoliths are prevalent.

Materials and Methods

Chemicals and Chemical Model Compounds

All experimental chemicals were ACS-reagent grade and purchased from Aldrich (USA).
Chromium(III) model compounds used for SR-FTIR spectral calibrationwere chromium(III)
acetate monohydrate, Cr(C2H3O2)3 ¢ H2O, and chromium oxide, Cr2O3. Chromium(VI)
compounds were potassium chromate, K2CrO4, and potassium dichromate, K2(Cr2O7).
Solutions in molar ratios of 0.25 and 0.5 of Cr(VI)/total Cr [Cr(VI) from K2CrO4 and
Cr(III) from Cr(C2H3O2)3 ¢ H2O)] were also prepared for the infrared spectral calibration
purposes. All aqueous solutions of chromate, dichromate, and chromium acetate hydrate of
different concentrations were prepared at pH 7.4 (physiologic pH) in buffer solutions.

Model Minerals

Magnetite samples were obtained commercially from Minerals Unlimited (Ridgecrest, CA).
Thin magnetite specimens were prepared by cleaving fragments off micro-� ssiles. The
specimen surfaces were cleaned by soni� cation in deionized and organic-free water for 15
min and sterilized by UV-irradiation for 20 min before use.

Sample Collection, Handling, and Preparation

The geologic samples were vesicular basalt cores (8.6 cm diameter) collected at a depth of
66–70 m at a site within the extensive Columbia basalt � ow in southeastern Idaho (Figure 1).
This site has been polluted with mixtures of hexavalent chromium, Cr(VI), and other inor-
ganic ions, radionuclides, petroleum hydrocarbons, and volatile organic compounds (VOCs)
from >40 years of U. S. nuclear production activity. The sampling technique, sample han-
dling, and sectioning at the drilling site were conducted according to the protocol speci� -
cally developed to minimize disturbances to intrinsic microbial communities in the sample
(Grif� n et al. 1997).

Sectioned cores were transferred at the site into Whirl-pak bags and placed in sterile,
argon-� lled canisters, sealed, and shipped under Blue Ice by overnight express to our labo-
ratory. Upon arrival, the cores were opened aseptically inside a sterile laminar hood to avoid
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FIGURE 1 (Upper left) Map showing regional hydrogeologic provinces. The study area,
formed from sequences of basalt � ows, is within the Eastern Snake River Plain. Sampling
location is inside US Department of Energy’s Idaho National Engineering and Envi-
ronmental Laboratory (INEEL). (Upper right) 8.6-cm-diameter basalt core samples were
collected from 75 m below the ground surface but above the rock aquifer. The sample
is � ne-grained and covered with empty, gas-bubble cavities called vesicles. (Lower right)
Section slice of core. (Lower left) SEM image of one of many bacteria types from the core
sample.

contamination of samples for future microscopic and microbiologic analysis. Specimens
40- to 100- l m thick were prepared inside the hood by cleaving basalt fragments off the
micro-� ssile near the center of the rock samples. The center of the rock sample was assumed
to be unlikely to suffer any ex situ bacterial contamination from the sample collection and
handling processes. The specimens were stored aseptically at 4±C until used.

Sample Characterization

The Columbia basalt samples at the study site are � ne-grained silicate-containing rocks,
with calcicplagioclase feldspar [(Na,Ca)(AlSi)4O4], pyroxene [(Ca,Na,Mg,Fe)(Al,Si)O3],
and olivine (Mg1.8Fe0.2SiO4) being the essential minerals (Sorenson et al. 1996). Magnetite
(Fe2+ Fe3+

2)O4 is often also present. About 10–25% of the matrix consists of vesicles of
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various sizes. Some vesiclesare partly � lledwith individual or mixtures of minerals. Clusters
of endoliths are present on the vesicles or on the fractured surfaces (Holman et al. 1998)
although the Columbia basalt rock samples are generally quite limited in organic carbon.
In areas where magnetite dominates, endoliths are often proli� c. Confocal � uorescence
micrographs of vertical sections show the thickness of the endolithic cluster to be generally
<1 l m.

Identi� cation of Cultivable Cr(VI)-Tolerant and -Reducing Endolithic Bacteria

Intrinsic endolithic bacteria were isolated and cultivated from the Columbia basalt sam-
ples by using the basalt rock extract agar described in Holman et al. (1998). The most
Cr(VI)-tolerant endolithic bacteria were isolated by their growth on basalt rock extract
agar that had been enriched with 100 mg/L chromate (as chromium). They were identi-
� ed as Gram-positive Arthrobacter oxydans by fatty acid methyl ester (FAME) analysis
(� nal identi� cation of the isolate will be presented elsewhere). Extremely Cr(VI)-resistant
Arthrobacter spp. strains have also been reported from other geographic areas (Margesin
and Schinner 1996).

To test whether the Cr(VI)-tolerant Arthrobacter oxydans in Columbia basalt samples
could also aerobically reduce Cr(VI), duplicate batch experiments were conducted inside
250-mL Erlenmeyer � asks containing 25 mL of basalt rock extract liquid medium enriched
with 50 mg/L chromate. Control (abiotic) experiments were conducted in parallel with a
similar medium but without the inoculation of Arthrobacter oxydans. To test the effect of
concomitant biodegradation of organic co-contaminants on the reduction of Cr(VI), we
added aliquots of dissolved toluene to the medium to produce a � nal aqueous toluene con-
centration of 5 ppm. After 2 weeks the concentration of Cr(VI) in the media was determined
spectrophotometrically at l g/mL by diphenylcarbazide (American Public Health Associ-
ation 1992). The amount of Cr(VI) reduction was 1.0–1.5% for the abiotic experiment,
3.9–4.5% for biotic, and 7.2% for biotic in the presence of dissolved toluene. A. oxydans
can aerobically reduce Cr(VI) at a faster pace during concomitant biodegradation of volatile
organic compounds such as toluene. Other bacteriawith similarabilitiesto detoxify mixtures
of Cr(VI) and organic compounds have been reported elsewhere (Shen et al. 1996).

SR-FTIR Spectromicroscopy Experiments of Surface Biogeochemical
Reduction of Cr(VI)

Experiments of the biogeochemical reduction of Cr(VI) to Cr(III) were carried out on sur-
faces of model mineral phase magnetite and on surfaces of Columbia basalt samples. The
experiment on magnetite surfaces was conducted abiotically (at the chromium/magnetite
interfaces) and biotically (at the chromium/endolith/magnetite interfaces). The abiotic ex-
periment used UV-sterilized and cleaved surfaces of magnetite without the introduction of
intrinsic Cr(VI)-reducers A. oxydans.

The biotic experiment used UV-sterilized magnetite surfaces with the introduction of
the resting cells of A. oxydans. Resting cellsof A. oxydans were selectedbecause the bacteria
in geologic materials are “pre-grown.” The cells were prepared from the stationary-phase
living cells of A. oxydans by reculturing the puri� ed A. oxydans in 100 mL of sterile basalt
rock extract inside 1000-mL � asks. The puri� ed cells were incubated at room temperature,
and their growth was monitored by using a Hawksley counting chamber. The incubation
continued with continuous stirring at 250 rpm until the growth reached its stationary-phase
( « 2 days). Cells were concentrated and cleaned by centrifugation at 5,000g for 10 min
and washed with and resuspended in 10 mL of mineral salt medium three times. A 10- l l
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portion of cell suspension (3 £ 108 cells/mL)was introduced individually onto the magnetite
surfaces, and solvent water was allowed to evaporate between introductions.

Biogeochemical reduction of Cr(VI) to Cr(III) on magnetite surfaces was also probed
during concomitant biodegradation of toluene vapor. In this case the sterilized magnetite
samples were exposed to 80 l L/L ppm toluene vapor at room temperature for 5 h (for
sorption purposes) prior to the introduction of A. oxydans.

The experiment on magnetite surfaces began with a serial introduction of � ve 10- l L
aliquots of 10 l g/L (as chromium) chromate solution onto surfaces of individual magnetite
specimens. Five introductions were needed to produce suf� cient infrared (IR) signals (at
the location of observation) throughout the experimental study. Solvent water was allowed
to evaporate between individual introductions. Localized high concentrations of chromium
were observed because of the heterogeneous morphology of the surface.

All magnetite specimens were incubated in an aerobic atmosphere with 100% relative
humidity inside 250-mL gas-tight I-CHEM Septa Jars (Fisher Scienti� c, USA) at room
temperature (21 § 1±C) in the dark. Real-time SR-FTIR spectra for the magnetite exper-
imental system were recorded shortly after the start of the experiment and at the similar
location 5 days after the exposure. Spatial distributions of vibrational frequencies associ-
ated with intrinsic microorganisms, chromate, toluene, and possible transformed chromium
compounds were also mapped after the 5-day exposure.

The experiment of biogeochemical reduction of Cr(VI) on surfaces of Columbia basalt
samples was conducted for 4 months. The experiment began with the sequential injection of
10 l L of chromate solution onto mineral surfaces in a basalt sample. To minimize the shock
of chromate on intrinsic microorganisms, the chromate solution concentration in the injec-
tion � uid was gradually increased over a 4-day period: 10, 20, 30, and � nally, 50 l g/L (as
chromium). Individual basalt samples were incubated in the same aerobic atmosphere with
100% relative humidity inside 250-mL gas-tight Septa Jars at room temperature (21 § 1±C)
in the dark. The concentration of toluene vapor was maintained between 80 and 100 l L/L
ppm throughout the experiment. Spatial distributions of vibrational frequencies associated
with intrinsic microorganisms, chromate, and possibly reduced chromium compounds were
mapped at the end of the second week and the end of the fourth month.

SR-FTIR Spectromicroscopy

The infrared spectromicroscopy facility on Beamline 1.4.3 at the Advanced Light Source,
Lawrence Berkeley National Laboratory, was used to monitor the progress of Cr(VI) reduc-
tion at the Cr/endolith and Cr/mineral interfaces in both experiments. Figure 2 depicts the
experimental setup for this directmeasurement. As shown in the diagram, the infrared micro-
probe uses a synchrotron source that has much higher brightness than a conventional thermal
IR source. The synchrotron light is incident onto a Nicolet Magna 760 FTIR bench, then
is passed through a Nic-Plan IR microscope. As detailed elsewhere (Martin and McKinney
1998), the spot size of the unmasked synchrotron beam focused through the infrared mi-
croscope is ·10 l m, nearly diffraction-limited, and signi� cantly smaller than the 100 l m
spot size attainable with similar strengths when using a conventional thermal IR source.
This leads to an improved signal-to-noise ratio and � ner spatial resolution than is possible
for conventional source FTIR spectromicroscopy, thus enabling study of biogeochemical
phenomena on surfaces of geologic materials that inherently are heterogeneous and have
low IR re� ectivity. The synchrotron IR beamline has an incident synchrotron IR energy
range of 0.05 to 1.0 eV, which is nondestructive to biologic materials. This makes SR-FTIR
spectromicroscopy extremely useful for detecting subtle biogeochemical changes as the
Cr(VI) metal ions are exposed to endoliths, minerals, and various environmental chemicals.
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All SR-FTIR spectra were recorded in the 4000–650 cm¡ 1 infrared region. This region
was selected because it is the region that contains unique molecular � ngerprint–exhibiting
vibrational frequencies of functional groups of intactbiomolecules (Brandenburg and Seydel
1996; Naumann et al. 1996), of chromium compounds of different oxidation states (Fujita
et al. 1962a, b; Muller et al. 1969; Nakamoto 1986; Chertihin et al. 1997), and of toluene
and its biodegradation products (Pouchert 1985; Greaves and Grif� th 1991). For each IR
measurement, 128 spectra were co-added at a spectral resolution of 4 cm¡ 1. All spectra
were obtained in the re� ectance (double-pass transmission) geometry and were ratioed to
the spectrum of a bare gold-coated slide to produce absorbance values (see Figure 2). Any
residual water vapor features in the resulting spectrum were removed by subtracting an
appropriately scaled reference spectrum of water vapor.

The validity of SR-FTIR absorption spectra for endoliths, chromium compounds,
toluene, and their possible transformation products was evaluated before its application
to probing the spatial distribution and progress of surface biogeochemical reduction of
Cr(VI) in the two experiments described above. The validation involved obtaining SR-
FTIR spectra in the appropriate diagnostic spectral regions for thin � lms of endoliths and
reference chemicals on gold-coated and on mineral surfaces. For reference chemicals that
were unstable, all sample preparation and spectral measurements were conducted in an ar-
gon atmosphere. The relevant spectral characteristicsof the recorded spectra were compared
with those in the well-documented spectral research literature. Because the identity of the
intermediate chromium compound(s) was unknown at the time of the validation study, only
the SR-FTIR spectra for commercially available chromium oxides of different oxidation
states were recorded, and the signals of Cr-O vibrations were compared.

At the end of the SR-FTIR spectromicroscopy study, the measured spatial distribution
of elemental chromium on surfaces of Columbia basalt samples and the chromium oxidation
state were veri� ed by using micro-x-ray spectroscopy techniques.

¹-XRF and ¹-XAFS Spectromicroscopy

The micro-x-ray facility on Beamline 10.3.2 at the Advanced Light Source was used to
validate the � nal results from the SR-FTIR spectromicroscopy study. This beamline cur-
rently has a spatial resolution of 0.8 l m and an incident x-ray energy range of 4–14.0 keV
(MacDowell et al. 1998), which is orders of magnitude more intense than the IR beam. To
our knowledge, the only stable oxidation states under normal ambient conditions and thus
observable with XAFS are Cr(VI), Cr(III), and Cr(0). The oxidation state of Cr(V) is stable
only in living biologic systems (e.g., Suzuki et al. 1992; Cooke et al. 1995, Itoh et al. 1995).
Because the intense high energy of the x-ray beam (in contrast to the synchrotron IR beam)
can kill living microorganisms, Cr(V) without the presence of living microorganisms is not
stable long enough under normal ambient conditions to be observable with XAFS.

The basalt sample was mounted in an x-ray–transparent holder and was positioned at
45± to both the incoming beam and the SiLi detector. All measurements were taken over the
approximate area studied during the SR-FTIR spectromicroscopy experiment. The spatial
distribution of elemental chromium on surfaces of the sample was evaluated by l -XRF
spectroscopy. This technique measures the characteristic � uorescence yield for a given
element. Because the beam size is on the order of 1 l m, it provides an accurate means of
determining the chromium spatial distribution.

The oxidation state of the detected chromium was determined by l -XAFS spec-
troscopy. The Cr(III) model compound used for l -XAFS spectral calibration was chromium
hydroxide, c -CrOOH. The Cr(VI) model compound was potassium chromate, K2CrO4. For
the K-edges shifts for the � rst-row transition metals, a typical value was 1–3 eV per change
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in oxidation state (Wong et al. 1984; Bajt et al. 1993; Sutton et al. 1993). Differentiating
between Cr(VI) and Cr(III) is particularly easy because Cr(VI) also exhibits a large pre-edge
peak a few electrovolts before the edge, which does not exist for Cr(III).

Results

SR-FTIR Spectromicroscopy Validation and Analysis

Table 1 summarizes the appropriate diagnostic spectral regions and the distinct SR-FTIR
absorption bands within each region that would be used in the remaining study as chem-
ical molecule markers to elucidate the Cr(VI) reduction process. The global spectral fea-
tures of A. oxydans and mixtures of endoliths recorded by SR-FTIR spectromicroscopy
on gold-coated surfaces and surfaces of magnetite and basalt were consistent with those
reported in the literature (Brandenburg and Seydel 1996; Naumann et al. 1996). All had
well-documented prominent SR-FTIR absorption envelopes arising from the C= O func-
tional group of biomolecules: the stretching vibrations in the 1695–1620 cm ¡ 1 region of
protein amide I with C= O weakly coupled to the N–H stretching mode, and the bending
vibrations in the 1570–1515 cm¡ 1 region of protein amide II with C= O strongly coupled
to the N–H stretching mode. Gram-negative isolates exhibited an additional but relatively
weak ester carbonyl peak near 1741 cm ¡ 1, which arises from the C= O ester stretching
vibration of phospholipids in their additional outer membrane.

The recorded SR-FTIR spectral features of potassium chromate are distinguished by
a strong band near 846 cm¡ 1 and a weaker band near 890 cm ¡ 1, which agree with those
reported for Cr–O vibration of (CrO4)2¡ in the literature (Campbell 1965; Nakamoto 1986).
The recorded spectral features of Cr(III) acetate hydrate have a strong absorption band near
810 cm ¡ 1 and a weaker band near 798 cm¡ 1, which agree with those reported for Cr–O
vibration of [Cr(OH)3]3¡ in the literature (Fujita et al. 1962a). Because Cr(V) compounds
are not available commercially, absorption bands near 836 cm ¡ 1 and 765 cm¡ 1, reported
in the literature for Cr–O vibration of (CrO4)3 ¡ (Nakamoto 1986), were used to guide the
interpretation of our recorded SR-FTIR spectra.

The recorded global spectral features of toluene and its early biodegradation product
catechol are consistent with those reported in the literature (Pouchert 1985; Greaves and
Grif� th 1991). Within the diagnostic region, toluene has a strong marker absorption band
near 728 cm ¡ 1 and a weaker band near 695 cm¡ 1. For catechol, the marker absorption bands
are 770 cm ¡ 1 and 742 cm¡ 1.

TABLE 1 Spectral regions and distinct absorption bands
within each region for endoliths (including bacteria),
Cr(VI)-, Cr(V)-, and Cr(III)-compounds, toluene, and
catechols

Spectral regions Absorption bands
Compounds (cm ¡ 1) (cm ¡ 1)

Endoliths 1800–1500 « 1650; « 1550
Cr(VI)-compounds 900–800 « 846; « 890
Cr(V)-compounds 900–700 « 830; « 764
Cr(III)-compounds 850–750 « 810; « 798
Toluene 800–650 « 728; « 695
Catechols 800–700 « 770; « 742
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SR-FTIR Spectromicroscopy of Cr(VI) Reduction on Magnetite Surfaces

Figure 3 shows the recorded SR-FTIR spectra for chromate on magnetite surfaces shortly
after the experiment’s beginning and 5 days after exposure. For magnetite surfaces without
living A. oxydans cells (abiotic), there were no statistically signi� cant changes in either
the IR absorption intensity or the characteristic band shapes within the diagnostic spectral
region of chromium during the 5-day period.

For magnetite surfaces with living A. oxydans cells (biotic), the noticeablechanges were
the moderate decrease in the absorption intensityof the chromate (CrO4)2¡ vibrational mode
at 846 cm¡ 1. Meanwhile, a weaker band at 830 cm¡ 1 appeared and was accompanied by
an even weaker one at 765 cm ¡ 1. These bands are reminiscent of the reduced transition
metal ions of Cr(V) the IR-active stretching frequencies of Cr–O in chromium–carboxylate
and chromium–amino acid complexes (Nakamoto 1986), and the vibrations of the oxalate
(Fujita et al. 1962a) and catecholate (Grif� th et al. 1986) anions that can both complex
with transition metal ions of Cr(V). The existence of Cr(V) compounds as an intermediate
product of the microbial reduction of Cr(VI) to Cr(III) has been reported (Suzuki et al.
1992; Cooke et al. 1995; Itoh et al. 1995). Furthermore, all of these organic classes of
compounds listed above have been documented as being natural products of microbial ac-
tivities (Johnston and Vestal 1993; Russell et al. 1998), although it is virtually impossible
to establish precisely which Cr(V) complexes are being observed (Faulques et al. 1998).
Aerobic Cr(VI) reduction observed here is generally believed to be caused by “enzymatic”
or “indirect” processes. An enzymatic process implies that the Cr(VI) reduction is tied
to enzymes that are produced intracellularly by biologic processes, including respiration.
An “indirect” process implies that Cr(VI) is reduced in the extracellular medium by in-
organic and organic reductants, which are themselves produced by biologic processes. To
date, it is not yet understood if our observed aerobic reduction reaction took place intra-
cellularly or extracellularly, or both. Research activity is now underway to address this
issue.

For magnetite surfaces with both the living A. oxydans cells and the concomitant
biodegradation of toluene, all infrared absorption bands in the diagnostic spectral regions
displayed signi� cant changes in both intensity and characteristic band shape for the 5-day
experiment (Figure 3). In particular, the absorption intensitiesof the 846 cm ¡ 1 and 728 cm¡ 1

modes, which are assigned to (CrO4)2¡ and toluene, respectively, disappeared. At the same
time, a new, strong band at 830 cm¡ 1 appeared and was accompanied by a sharp but
weaker satellite at 765 cm¡ 1, which was again associated with a possible intermediate
Cr(V) species. The additional new band at 742 cm¡ 1, accompanied by a sharp and slightly
weaker satellite at 770 cm¡ 1, is possibly associated with catechol, one of toluene’s many
documented biodegradation products (Cerniglia 1984). The cause of this acceleratedaerobic
reduction reaction is not certain but may arise from the increasing microbial activity, which
is further enhanced by an array of reactive organic molecules produced during concomitant
biodegradation of toluene. For example, catechol, a byproduct of microbial degradation of
toluene, can by itself reduce Cr(VI) (Deng and Stone 1996).

The spatial distributions of the IR absorption associated with protein amide II of A. oxy-
dans (1550 cm ¡ 1), a 5-day exposure to chromate (846 cm¡ 1), and toluene (728 cm¡ 1), as
discussed in the preceding paragraph, were mapped and are presented in Figure 4. Multi-
ple variable regression analysis shows a spatial correlation coef� cient (r2) of 0.86 § 0.03
for the three measured values displayed in the three maps. This reveals the close link be-
tween the microbial reduction of Cr(VI) and the biodegradation of toluene. It also reveals
that the transformation of chromate and toluene during the 5-day experimental period was
controlled spatially by the microorganism distribution on magnetite surfaces. The spectral
characteristics recorded at the maximum chromate depletion location were similar to those



F
IG

U
R

E
3

SR
-F

T
IR

sp
ec

tr
a

of
ch

ro
m

at
e

on
m

ag
ne

tit
e

su
rf

ac
es

du
ri

ng
th

e
5-

da
y

ex
pe

ri
m

en
to

f
(l

ef
t)

ab
io

tic
re

du
ct

io
n,

(m
id

dl
e)

bi
ot

ic
re

du
ct

io
n

in
th

e
ab

se
nc

e
of

ot
he

r
or

ga
ni

c
co

m
po

un
ds

,a
nd

(r
ig

ht
)

bi
ot

ic
re

du
ct

io
n

in
th

e
pr

es
en

ce
of

to
lu

en
e

va
po

r
(a

s
a

m
od

el
vo

la
til

e
or

ga
ni

c
co

m
po

un
d)

.
t

<
1

da
y,

sh
if

te
d

ve
rt

ic
al

ly
fo

r
vi

su
al

cl
ar

ity
.

t
=

5
da

ys
.

A
lt

ho
ug

h
th

e
to

ta
l

ch
ro

m
at

e
(C

rO
4
)2¡

co
nc

en
tr

at
io

n
fo

r
ea

ch
of

th
e

th
re

e
ex

pe
ri

m
en

ts
w

er
e

th
e

sa
m

e,
m

ic
ro

bi
al

–m
in

er
al

su
rf

ac
e

ro
ug

hn
es

s
an

d
re

di
st

ri
bu

tio
n

du
ri

ng
ev

ap
or

at
io

n
re

su
lte

d
in

he
te

ro
ge

ne
ou

s
sp

at
ia

l
di

st
ri

bu
tio

ns
of

(C
rO

4
)2¡

co
nc

en
tr

at
io

ns
.T

he
m

os
tr

el
ev

an
tv

ib
ra

tio
na

lf
re

qu
en

ci
es

id
en

ti�
ed

ar
e

m
ar

ke
d:

89
0

an
d

84
6

cm
¡

1
co

rr
es

po
nd

to
(C

rO
4
)2¡

(g
re

en
),

83
0

an
d

76
5

cm
¡

1
co

rr
es

po
nd

to
(C

rO
4)

3¡
(b

lu
e)

,7
70

an
d

74
2

cm
¡

1
ar

e
ca

te
ch

ol
s,

an
d

72
8

cm
¡

1
is

to
lu

en
e

(r
ed

).
M

ic
ro

bi
al

re
du

ct
io

n
of

C
r6 +

w
as

th
e

do
m

in
an

tm
ec

ha
ni

sm
in

ou
r

ex
pe

ri
m

en
ta

ls
ys

te
m

.T
he

m
ic

ro
bi

al
ch

ro
m

iu
m

re
du

ct
io

n
w

as
fu

rt
he

r
en

ha
nc

ed
du

ri
ng

th
e

m
ic

ro
bi

al
de

gr
ad

at
io

n
of

th
e

or
ga

ni
c

co
m

po
un

d
to

lu
en

e.

317



318 H.-Y. N. Holman et al.

FIGURE 4 During the 5-day study period, Arthrobacter oxydans bacteria (isolated from the
basalt core sample) attached themselves to magnetite surfaces. They reduced Cr(VI) while
degrading toluene. SR-FTIR spectromicroscopy measurements at the end of the experiment
show the spatial distribution of (top) A. oxydans, (middle) chromate, and (bottom) toluene,
as measured by their spectral signatures.

in Figure 3 (right panel), which demonstrate that the decrease in the absorption intensity
at the Cr(VI) vibrational frequency 846 cm¡ 1 is probably caused by chromium transfor-
mation to the possible intermediate products of Cr(V) compounds such as (CrO4)3 ¡ or
a complex of organic molecules with Cr(III), as described above. The lack of signi� cant
chromate reduction on surfaces that are either free of, or low in, A. oxydans density im-
plies that the microbial reduction mechanism is signi� cant even on surfaces of mixed iron
oxides.
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SR-FTIR Spectromicroscopy of Cr(VI) Reduction on Columbia Basalt Surfaces

Two weeks after the chromate exposure, spectral mappings of endolith-occupied areas of
Columbia basalt specimens revealed vibrational frequencies associated with the possible
intermediate Cr(V) compounds but not with the possible Cr(III) compounds. The lack of
vibrational frequencies associated with the presence of possible Cr(III) compounds across
the sample surfaces implies that a 2-week duration is only long enough to reduce chromate
to its possible intermediate Cr(V) compounds. It is not long enough to reduce Cr(VI) to the
� nal Cr(III) state. In addition, the same spectral mapping reveals a widespread distribution
of Cr(V) but an insigni� cant spatial relationship between the IR absorbance of the possible
intermediate Cr(V) compounds and the endoliths. The multiple variable analysis shows a
small spatial correlation coef� cient (r2 < 0.01). A one-way analysis of variance, which
is used to account for the effect of composite minerals on the spatial relationship between
the Cr(VI) reduction to Cr(V) and the distribution of microorganisms, is not signi� cant
(p > 0.1).

At the end of the fourth month, spatial distributions of the same vibrational frequen-
cies 1550 cm¡ 1 and 830 cm¡ 1 are shown in Figure 5. The overall spatial distribution
demonstrated an improved correlation between the Cr(VI) reduction to Cr(III) and the dis-
tribution of endoliths. Although the multiple variable analysis still shows an insigni� cant
spatial correlation coef� cient (r2

< 0.01) for the two measured values, the one-way anal-
ysis of variance is signi� cant (p < 0.03). This implies that a 4-month incubation time
has selectively enriched successful growth of chromate-tolerant and -reducing native en-
doliths. Spectral characteristics of typical SR-FTIR spectra recorded at locations outside
the maximum Cr(III) location exhibited stretching frequencies typical of Cr(V) compounds
as discussed earlier. Very little Cr(VI) was detected.

¹-XRF and ¹-XAFS Spectromicroscopy Results

Figure 6 shows the spatial distribution of elemental chromium on the surfaces of Columbia
basalt samples as measured by l -XRF spectroscopy. This spatial pattern is similar to the
spatial distribution of Cr(III) compounds measured by SR-FTIR spectromicroscopy (see
Figure 5). Peak l -XAFS intensity data recorded at the similar location as the peak IR
absorption intensity for Cr(III) compounds (in Figure 5) show a Cr x-ray absorption edge
structure feature and at the same time a lack of pre-edge peak (Figure 6a). The lack of
pre-edge peak is consistent with both the l -XAFS pre-edge feature of our Cr(III) model
compound described earlier and those reported in the literature (e.g., Wong et al. 1984;
Sutton et al. 1993; Peterson et al. 1997). This result shows that the Cr(VI) had indeed been
reduced to Cr(III) under the conditions of the experiments described in this paper. The SR-
FTIR and the XAFS experiments were repeated after 3 months and continued to indicate no
reoxidation of Cr(III). This implies that the reduced Cr(III) is relatively stable under normal
atmospheric conditions.

Conclusion

This study demonstrates for the � rst time that SR-FTIR spectromicroscopy is a promising
tool to complement existing techniques for nondestructively monitoring the progress and
elucidating the dominant mechanisms and possible pathways of IR-amenable chemicals
on mineral surfaces. Within our chromium/endolith/mineral system, we have demonstrated
in real-time that the microbial reduction of Cr(VI) in an aerobic environment is important
even in the presence of mixed mineral oxides. Time-resolved studies indicate that the
microbial reduction of Cr(VI) to Cr(III) proceeds at least as a two-step reaction, possibly
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FIGURE 5 Distribution of indigenous endolithic microorganisms (top) and the Cr(III)
compounds (bottom) as measured by SR-FTIR spectromicroscopy at the end of the 4-month
Cr(VI)–microbe–basalt experiment. Only chromium-tolerant and chromium-reducing mi-
croorganisms proliferated during the study period.

with Cr(V) compounds as intermediate products. In addition, the Cr(VI) reduction reaction
accelerates during the concomitant biodegradation of toluene (a common co-contaminant),
which further con� rms the signi� cance of the biologic activities. The spatially resolved SR-
FTIR spectromicroscopy shows that on magnetite and basalt surfaces, Cr(VI) is reduced
only in the presence of endoliths. The reduction-produced Cr(III) compounds observed were
con� rmed by l -XAFS spectroscopy. The reduced chromium compounds appear to be stable
for many months in an aerobic environment, implying that the mutagenic Cr(VI) pollutants
in the environment can be biotransformed aerobically into less mobile, less toxic, and more
stable compounds. With this effort, the potential use of SR-FTIR spectromicroscopy for
providing mechanistic information on the reduction of Cr(VI) has been demonstrated.

The SR-FTIR spectromicroscopy technique is limitedto the study of microbial/chemical
contaminant systems with interpretable infrared spectral � ngerprints and a spatial resolu-
tion of « 10 l m or larger. Another intrinsic limitation of the technique in geologic samples
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is that the spectral information obtained is qualitative. It is dif� cult from a practical stand-
point to obtain absolute quantitative information because of the heterogeneous nature and
the roughness of the surfaces of geologic materials. Also, a complete understanding and as-
signment of all bands in the infrared spectra of the combined biological, chemical, and
mineral systems is extremely dif� cult, given the complexity of the samples. Despite these
technical dif� culties, we have been able to identify IR signals that enable us to follow the
key mechanisms and possible pathway of Cr(VI) reduction to Cr(III) on basalt surfaces.
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