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Abstract—Acid-sulfate-chloride (pH�3) geothermal springs in Yellowstone National Park (YNP) often
contain Fe(II), As(III), and S(-II) at discharge, providing several electron donors for chemolithotrophic
metabolism. The microbial populations inhabiting these environments are inextricably linked with geochemi-
cal processes controlling the behavior of As and Fe. Consequently, the objectives of the current study were
to (i) characterize Fe-rich microbial mats of an ASC thermal spring, (ii) evaluate the composition and structure
of As-rich hydrous ferric oxides (HFO) associated with these mats, and (iii) identify microorganisms that are
potentially responsible for mat formation via the oxidation of Fe(II) and or As(III). Aqueous and solid phase
mat samples obtained from a spring in Norris Basin, YNP (YNP Thermal Inventory NHSP35) were analyzed
using a complement of chemical, microscopic and spectroscopic techniques. In addition, molecular analysis
(16S rDNA) was used to identify potentially dominant microbial populations within different mat locations.
The biomineralization of As-rich HFO occurs in the presence of nearly equimolar aqueous As(III) and As(V)
(�12 �M), and� 48 �M Fe(II), forming sheaths external to microbial cell walls. These solid phases were
found to be poorly ordered nanocrystalline HFO containing mole ratios of As(V):Fe(III) of 0.62� 0.02. The
bonding environment of As(V) and Fe(III) is consistent with adsorption of arsenate on edge and corner
positions of Fe(III)-OH octahedra. Numerous archaeal and bacterial sequences were identified (with no closely
related cultured relatives), along with several 16S sequences that are closely related toAcidimicrobium,
Thiomonas, Metallosphaera and Marinithermus isolates. Several of these cultured relatives have been
implicated in Fe(II) and or As(III) oxidation in other low pH, high Fe, and high As environments (e.g.
acid-mine drainage). The unique composition and morphologies of the biomineralized phases may be useful
as modern-day analogs for identifying microbial life in past Fe-As rich environments.Copyright © 2004

Elsevier Ltd
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1. INTRODUCTION

The biomineralization of Fe(III) solid phases is a comm
occurrence in natural systems where aqueous Fe(II) can
as an electron donor for chemolithotrophic metabolism
where microbial cells serve as nucleation sites for the oxid
and or precipitation of Fe(III) minerals (see reviews byGhi-
orse, 1984; Konhauser, 1998). Many Fe(II) oxidizing microor
ganisms including the well characterizedAcidithiobacillus fer-
roxidans andLeptothrix sp. produce Fe(III) sheaths and can
responsible for the production of copious amounts of Fe
mineral phases in the surrounding environment, in part d
the large amount of Fe(II) oxidation necessary to derive en
for growth (Ehrlich, 1990). The biomineralization of hydrou
Fe(III) oxides (HFO) can be accompanied by incorporatio
other dissolved constituents including Si (Ferris et al., 1986
Konhauser and Ferris, 1996), Ca and PO4 (Karl et al., 1988),
SO4 (Clarke et al., 1997), and AsO4 (LeBlanc et al., 1996
Langner et al., 2001). The composition of biomineralize
Fe(III) phases is in part a function of the concentration
dissolved constituents present in a given environment and
tendency to adsorb onto HFO surfaces. Consequently, th
dependence of ion specific surface complexation reaction
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plays an important role in the resulting composition of biom
eralized Fe(III) phases. The composition of Fe(III) phases
also be influenced by organism specific metabolic pathw
which contribute to defining the chemistry of the cell w
aqueous interface and the environment in which nucleatio
particle growth occur (Konhauser, 1998). Thus, biologic min
eralization plays an important role in ion retention, and
resulting solid phases may exhibit unique signatures char
istic of their biotic origin.

There is considerable interest in the nature of arse
[As(V)] and arsenite [As(III)] surface complexes on HFO
other Fe oxide phases, in part due to the fact that Fe
phases play a pivotal role in the behavior of As in natural w
systems. Arsenate and arsenite are both strongly complex
HFO and well-crystalline Fe oxides, however, the pH de
dence varies for each species (Manning et al., 1998; Raven
al., 1998; Sun and Doner, 1998). Binuclear bidentate surfa
complexation of arsenite has been shown to be important
a broad pH range from 4 to 10, but adsorption peaks nea
pKa of H3AsO3

o � 9.23. Similar bidentate binuclear sorpt
mechanisms have been elucidated for arsenate, but ar
surface complexation is favored at low pH and decreases
increasing pH (Manning et al., 1998; Sun and Doner, 199).
The commonly observed increase in solubility of As un
reduced conditions is now attributed primarily to the reduc

dissolution of Fe (III) oxide phases and the subsequent release
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of sorbed As (Cummings et al., 1999; Zobrist et al., 2000). Iron
reduction also is the suspected cause of elevated As concen-
trations in aquifers of Bangladesh, which has resulted in a
national water quality crisis affecting millions of residents
(MacArthur et al., 2001).

In acid mine drainage and geothermal environments, the
co-occurrence of Fe and As can lead to the formation of HFO
containing significant amounts of As, either as As(III) or As(V)
(Langner et al., 2001; Morin et al., 2003). Naturally occurring
HFOs containing up to 0.2 mol As per mole Fe (As:Fe) have
been observed in marine hydrothermal vents (Pichler et al.,
1999; Rancourt et al., 2001), and As:Fe mole ratios of 0.45 to
0.72 have been reported in HFO phases formed in acid mine
drainage environments (Leblanc et al., 1996; Morin et al.,
2003). Previous work on Fe microbial mats of acid-sulfate-
chloride geothermal springs in Yellowstone National Park
(YNP), WY, USA has also documented As:Fe ratios of 0.7
(Langner et al., 2001). Values of 0.7 approach upper limits
observed for synthetic coprecipitates of As(V)-HFO phases
studied by Waychunas et al. (1993) and Carlson et al. (2002).
Whether synthetic or natural, the coprecipitation of high As(V)-
HFOs generally results in disordered nanophases due to the
high frequency of arsenate surface complexes and the resulting
inhibition of further Fe-OH polymerization and oxide crystal
growth (Manceau, 1995; Rancourt et al., 2001). The formation
and subsequent behavior of these solid phases has important
implications for As sequestration and or release in watersheds
and or aquifers contaminated with As. Furthermore, the unique
chemical and physical signature of these biomineralized phases
represent modern-day stromatolites, which could potentially be
preserved during sedimentation and consolidation to result in a
fossil record of microorganisms inhabiting acidic As-Fe rich
environments. Ferris et al. (1986) suggested this possibility
regarding biomineralized Si-Fe rich sheaths forming on micro-
organisms present in geothermal sediments of YNP.

In many cases, the formation of high As(V)-HFOs is medi-
ated by the combined microbial oxidation of As(III) and Fe(II).
For example, Morin et al. (2003) recently documented the
bacterial formation of As(V)-Fe(III) gels in acid mine drainage,
which was likely due to the combined metabolic activity of
Acidithiobacillus ferroxidans (Fe(II) oxidation) and Thiomonas
sp. (As(III) oxidation). Other recent work in geothermal envi-
ronments has documented rapid microbial oxidation of As(III)
present in geothermal discharge waters (Gihring et al., 2001;
Langner et al., 2001) or in streams down gradient from geo-
thermal discharge (Wilkie and Hering, 1998). Pure cultures of
microorganisms from each of these locations have been impli-
cated as contributors to the observed As(III) oxidation (Gihring
et al., 2001; Salmassi et al., 2002; Donahoe-Christiansen et al.,
2004). In previous studies on an acid-sulfate-chloride (ASC)
geothermal spring in YNP, Langner et al. (2001) and Jackson et
al. (2001) described the formation of As(V)-HFO microbial
mats and the associated microbial diversity using 16S rDNA
analysis. The objectives of the current study were to (i) char-
acterize Fe-rich microbial mats of an ASC thermal spring that
form as a result of oxidation and biomineralization of geother-
mal Fe(II), (ii) evaluate in greater detail the composition and
structure of high As(V)-HFO phases associated with these
mats, and (iii) identify microorganisms that are either associ-

ated with and or potentially responsible for mat formation via
the oxidation of Fe(II) and or As(III). To accomplish these
objectives, a complement of aqueous geochemical, micro-
scopic, spectroscopic, and surface analytical techniques were
employed to characterize the Fe solid phases. In addition,
molecular analysis (16S rDNA) of microbial mat samples at
different locations within the Fe depositional zone was used to
assess the variation in dominant 16S rDNA sequences distrib-
uted across different mat locations and to identify microbial
populations with a potential role in Fe(II) and or As(III) oxi-
dation.

2. MATERIALS AND METHODS

2.1. Site Characterization

The Hundred Springs Plain of Norris Geyser Basin contains several
different types of acid-sulfate-chloride (ASC) springs, and our work
has focused on low discharge acidic springs containing Fe(II), As(III),
S(-II,0) and H2 as electron donors driving primary microbial produc-
tion. The data discussed in this study was obtained from an ASC
geothermal spring (Fig. 1) located just south of Cinder Pool unofficially
referred to as Beowulf Spring (YNP Thermal Inventory NHSP35; No.
44°43�53.4�N latitude, 110°42�40.9� W longitude). This spring has also
been the subject of U.S. Geological Survey inventory sampling as part
of a larger effort to characterize the water chemistry and hydrogeology
of numerous geothermal features in YNP (Ball et al., 2002). The
subject spring exhibits source waters with temperatures ranging from
75–82°C and a flow rate of approximately 50 L/min. Flow rates have
been observed to vary considerably (estimate 50%) across the last 2 yr,
similar to seasonal fluctuations of geothermal discharge described by
Fournier (1989). Beowulf Spring is similar to an adjacent (�50 m)
ASC spring described in recent studies (Jackson et al., 2001; Langner
et al., 2001); however, the Fe mats in Beowulf are considerably thicker
(2–4 cm) and more extensive, forming extensive terraces extending
nearly 10 m down gradient from discharge. Aqueous and solid phase
samples were collected several times during 2001–2002 for detailed
chemical characterization and molecular analyses to identify microbial
populations (16S rDNA sequence analysis) present in the Fe(III)-
oxyhydroxide microbial mats.

2.2. Aqueous Geochemistry

Aqueous samples were collected as a function of distance from
spring discharge in October 2001, June 2002, and October 2002,
filtered on site and analyzed in the Soil Analytical Laboratory (Mon-
tana State University) using inductively coupled plasma spectrometry
(ICP) for major ions including Ca, Mg, Na, K, Si, Al, As, Fe and B, and
trace elements including Cd, Cr, Cu, Mn, Ni, Pb, Sb, Se, and Zn.
Aqueous NH4 was determined with a flow injection analyzer using the
phenolate colorimetric (A630 nm) procedure (APHA, 1998a). In addi-
tion, aqueous samples were analyzed on site for (i) Fe(II)/Fe(III) using
the ferrozine method (To et al., 1999) employing a 5 mL filtered (0.2
�m) sample, (ii) H2S(aq) using the amine sulfuric acid method (APHA,
1998b) employing a 7.5 mL unfiltered sample (to avoid rapid degassing
of H2S upon filtration), and (iii) predominant inorganic anions (F�,
Cl�, SO4

2�, NO3
�, CO3

2�, S2O3, AsO4
3�) using ion chromatography

(IC) employing a 25 �L injection volume, a 0.1 mol/L NaOH eluent at
1 mL/min and a Dionex AS16–4 mm ion exchange column (Dionex
Corp., Sunnyvale, CA). Arsenate [As(V)] was determined using IC on
an untreated sample within 30 min of sampling and on another sample
treated with 10 mol/L KMnO4 and conc. HCl to oxidize As(III) to
As(V). The total As values determined with IC were cross-checked
against total As values determined with ICP, and found to be within
10%. The amount of aqueous As(III) was calculated as the difference
between arsenate As(V) and total soluble As (AsTS). Control samples
evaluated in the laboratory confirmed efficient oxidation of As(III)
using KMnO4 at low pH. Aqueous pH and temperature values were
obtained on site using a Mettler-Toledo portable ion meter (MA130)
equipped with a temperature probe, where pH 1.68 and 4.01 buffers

were calibrated at spring temperatures.
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2.3. Solid Phase Characterization

Solid phase Fe mat samples were collected at a total of four locations
including three from the main east channel (B1L � 9 m from east
source discharge, B2 � 13 m from east source discharge, B3 � 17 m
from east source discharge) and one at the terminus of the west channel
as it merges with the larger east channel (B1D) during three different
sampling trips (October 2001, March 2002 and June 2002). The sam-
ples were placed in sterile 50 mL tubes, transported to the laboratory
within 12 h of collection, and characterized using a compliment of
chemical, microscopic and spectroscopic analytical tools. Solid phase
Fe mat samples were dried at 105°C for 48 h and analyzed for total ion
chemistry using a HNO3-HClO4-HF acid digestion at 110°C, followed
by elemental analysis using ICP. The amount of extractable Fe and As
was determined using the NH4-oxalate procedure at pH 3 on 0.1 g
subsamples shaken in the dark for 2 h (Loeppert and Inskeep, 1996),
followed by analysis of Fe and As using ICP. Total organic C (TOC)
and total organic N (TON) were determined using a LECO furnace.
Surface areas of dried and disaggregated Fe mat samples were deter-
mined using a triple point N2(g)-BET adsorption isotherm (Micromer-
itics FlowSorb II 2300, Norcross, GA).

Selected brown mat samples were fixed with 3% glutaraldehyde
immediately after removal from the spring. Samples were then embed-
ded in 2% noble agar, refixed in glutaraldehyde, dehydrated in an
ethanol series, and treated with propylene oxide before infiltration with
Spurr’ s epoxy resin (Spurr, 1969). Thin sections were placed on 300
mesh copper grids and analyzed by transmission electron microscopy
(TEM) using a LEO 912AB (LEO Electron Microscopy Inc., Thorn-
wood, NY) equipped with an in-column OMEGA-type imaging spec-
trometer and controlled with Soft Imaging System software (Lake-
wood, CO). TEM images, parallel electron energy loss spectra
(PEELS), electron spectroscopic images (ESI), and selected area dif-
fraction images were acquired at an energy of 100 keV. Iron and As
elemental maps were generated using energy loss spectra for the
Fe-L2,3 (708 eV) and As-L2,3 (1323 eV) edges fitted to a three-window
power law (15 eV windows).

Iron-rich microbial mat samples were also analyzed using X-ray
absorption near edge structure (XANES) spectroscopy, extended X-ray
absorption fine structure (EXAFS) spectroscopy and X-ray diffraction
(XRD) using a synchrotron light source at the Stanford Radiation
Laboratory (SSRL). Powder diffraction measurements were carried out
on beamline 2–1 (SSRL) equipped with Soller slits and a diode detec-
tor. The incident energy, as well as sample and detector orientation was
calibrated by performing a Rietveldt refinement on a LaB6 thin film,

Fig. 1. Beowulf Spring located in Norris Geyser Basin,
(0 m) and aqueous sampling points Ba (3 m) and Bb (6 m
mats at sampling sites B1L (9 m) and B1D (9 m) (B). A
acid-tolerant algae, likely Cyanidium caldarium. Photogr
which has a known and well-defined structure. The incident energy was
determined to be 1.24127 Å using this method. Diffraction patterns of
moist samples were collected by filling a trough in a flat, Al sample
holder and covering the sample with Kapton (an amorphous, X-ray
transparent film) to prevent desiccation during data collection. Data
was collected in rocking mode ( � 1 degree) from 5 to 60° 2� with data
points every 0.002° 2�.

Iron and As K-edge X-ray absorption spectroscopy was performed at
SSRL on beamline 4–1 using an unfocused beam detuned approxi-
mately 50% to eliminate higher order harmonics. The transmitted
energies were monitored using N2-filled ionization chambers, the flu-
orescence yield was determined using a Stern-Heald type fluorescence
detector equipped with 6 �x filters (Ge for As, Mn for Fe Spectra were
obtained from about �200 to �1000 eV about the adsorption edge of
Fe and As). To avoid self-absorption phenomena, the samples were
dispersed and a thin film of solid phase was mounted on a polycarbon-
ate membrane so that the change in optical density across the Fe
K-edge was less than 0.1 U. Fluorescence spectra were then compared
to transmission data to confirm that self-absorption dampening was
eliminated. Arsenic X-ray absorption near edge structure (XANES)
spectra of normalized spectra were compared to model compounds
including scorodite (FeAsO4 · 2H2O), sodium arsenate, sodium arsen-
ite, orpiment (As2S3), and arsenopyrite (FeAsS). Linear combination
fitting of experimental XANES spectra with those of the reference
materials was used to quantify As oxidation state in the samples.

The extended X-ray absorption fine structure (EXAFS) spectral
region was used to determine the local coordination environment of Fe
and As in the Fe-rich precipitates. For EXAFS analysis, the energy
(eV) scale of normalized spectra was transformed to k-range using
11867 eV as the energy of the As K edge (E0). Spectra were then fit
with a six-point cubic spline function above the edge that followed the
envelope of the decaying EXAFS spectrum (the �(k) function). The
�(k) spectrum was then isolated and weighted by k3 to amplify the
upper k-range and Fourier-transformed without smoothing to produce a
radial structure function (RSF) using a k-range of approximately 3 to
14 Å�1. Distinct shells of the RSF function were then back-transformed
to isolate the spectral contributions of each atomic shell. WinXAS was
used to determine the element (Z), coordination number (CN), distance
(R), and the Debye-Waller factor (�2, an expression of disorder) for
each shell, using phase and amplitude functions using FEFF 7.02
(Zabinsky et al., 1995). Final fits were completed using unfiltered,
k-weighted �(k) spectra. Interatomic distances are typically determined
within 0.02 Å and the coordination number within 30% for the first
shell. Elements of similar atomic number (Z � 2) cannot be distin-

stone National Park, showing the east geothermal source
nd a view down gradient from (A) showing Fe microbial
C isotherm is defined by the interface of Fe mats and an
en in March 2002.
Yellow
) (A), a
50–51°
aph tak
guished due to similarities in the phase and amplitude functions,
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although differences in local structure (i.e., interatomic distances) may
help to determine backscattering elements.

2.4. DNA Extraction, Amplification and Sequence Analysis

Iron microbial mat samples were obtained on June 6, 2002, using
DNA-free spatulas, placed on dry ice and transported within 8 h to a
�80°C freezer before DNA extraction and partial 16S rDNA sequence
analysis. The subset of samples obtained for molecular analysis in-
cluded four samples from the main channel (B1L � lighter orange rust
(5YR 5/8) Fe mats at 64°C; B2 � similar Fe mats in the main channel
at 60–62°C, where B2T refers to the top 2 mm of mat, B2B refers to
the bottom 2 mm of mat and B2C refers to a mat composite), and one
sample from the terminus of the west channel at the confluence with the
east channel (B1D � darker red brown (2.5YR 4/4) mats at 53°C.
Sample B1D is essentially adjacent to and within 5–10 cm of sample
B1L (Fig. 1B). The small but potentially significant changes in aqueous
chemistry and temperature across these locations reflect gradients that
yield visually and physically different types of Fe(III)-oxyhydroxide
mats. The mats of the main channel near B1L are also considerably
thicker and softer (up to 5 cm in some terraces, Fig. 1B) than adjacent
mats at B1D, which typically range from 2 to 3 mm forming brittle
platelets. In a first attempt to describe these microbial communities, we
have performed a fairly thorough analysis of 16S rDNA sequences
present across some of the observed mat variability to address the
hypothesis that adapted microbial populations are distributed across
gradients of temperature and or aqueous chemistry, and that the spatial
distribution may in part be reflected in obvious variables such as mat
color, thickness and texture. While molecular results from the current
study will not provide definitive functional assignments to the impor-
tant populations represented, we can gain significant insight regarding
the potential importance of specific populations and the patterning of
sequence diversity across gradients, as well as identify target sequences
for complimentary and more quantitative molecular techniques includ-
ing FISH, and real-time PCR.

Total DNA extracts of brown mat samples were obtained using the
FastDNA SPIN Kit for Soil (Q-Biogene, Carlsbad, CA). Selected
samples were evaluated before and after extraction with NH4-oxalate
(pH 3) to remove the Fe rich sheaths. The 16S rRNA genes of bacteria
and archaea present in the DNA extracts were amplified by polymerase
chain reaction (PCR) using two primer sets. One set was designed to
amplify a 322 bp segment within the domain Bacteria using Bac1070
forward coupled with Univ1392 reverse-GC (Jackson et al., 2001). The
reverse primer incorporated a 40 bp GC-rich clamp to facilitate analysis
by denaturing gradient gel electrophoresis (DGGE; Ferris et al., 1996).
The domain Archaea was targeted with a second primer set designed to
amplify a 461 bp region. The forward primer was Arc931 and the
reverse primer was the same Univ1392 reverse-GC described above
(Jackson et al., 2001). The PCR mixtures (50 �L) contained 4.0 mM
MgCl2, 50 mM KCl, 10 mM Tris-HCl (pH 8), 0.1% Triton X-100, 800
�M dNTPs, 0.5 �M of each primer, 1.25 U Taq DNA polymerase
(Promega, Madison, WI), and 1–5 �L template DNA (2–20 ng).
Thermal cycler settings were 94°C for 4 min, 25–35 cycles of 94°C,
54°C and 72°C each for 55 s, and a final 7 min extension period at
72°C. To insure PCR product purity, negative control reactions (no
template) were routinely performed.

PCR amplified 16S rDNA fragments were separated using denatur-
ing gradient gel electrophoresis (DGGE) following a method modified
from Ferris et al. (1996). DNA was loaded onto gels consisting of 8%
acrylamide and a 40–70% denaturing gradient of urea/formamide and
electrophoresed at 60 V at 60°C for 17 h using a DCode System
(Bio-Rad, Hercules, CA). Gels were stained with SYBR Green II
(Molecular Probes, Eugene, OR) for 30 min before photography using
UV transillumination. DGGE bands of interest were prepared for
sequencing by sampling with a pipet tip, rinsing the tip with PCR-grade
water, and subjecting the solution to PCR as described above. The
purity and identity of PCR product was checked using DGGE. The
resultant DNA was purified using a Microcon filter kit (Millipore Corp.
Bedford, MA) and sequenced using the same primers with exception to
the 1392 reverse which did not contain a GC clamp. Sequencing
reactions were performed using the ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster City, CA)

and products were analyzed with an ABI Prism 310 capillary sequencer
(Perkin-Elmer). Sequences were aligned and edited using Sequencher
3.1.1 software (Gene Codes Corporation, Ann Arbor, MI) and com-
pared with sequences found in the GenBank database using BLAST
(Altschul et al., 1997).

3. RESULTS AND DISCUSSION

3.1. Overview of Spring Chemistry and Predominant
Biogeochemical Processes

The source waters of Beowulf Spring emerge from at least
two locations, described here as a predominant east source
(74°C) and a west source (69°C), which join approximately 9 m
down gradient from each source (Fig. 1). The major ion chem-
istry for each of these contributing sources was characterized
on two different dates and found to be within 15% of one
another across all dissolved constituents. Consequently, the
source water chemistry presented in Table 1 corresponds to the
predominant east discharge channel sampled in June 2002.
These springs are dominated by Na (13 mM), Cl (15 mM) and
SO4 (1.5 mM), but also contain significant concentrations of
dissolved inorganic C (�2.5 mM), B (0.7 mM), H2S(aq) (80
�M), NH4 (70 �M), Fe(II) (50 �M) and As(III) (24 �M). The
concentrations of nearly all constituents are similar to an adja-
cent ASC spring (YNP Spring Inventory No. NHSP106) stud-
ied previously containing 63 �M H2S, 60 �M Fe(II) and 33
�M As (Langner et al., 2001).

Concentrations of several aqueous inorganic constituents
change dramatically as a function of distance from geothermal
discharge. Predominant changes include a decrease in H2S(aq)
from near 80 �M to less than 6 �M at sampling site B1L (9 m)
and to less than 2 �M at sampling site B3 (17 m). In the west
channel, a similar pattern was observed but H2S levels declined
from �80 �M at the source to 0.3 �M at sampling site B1D.
The rapid decline in H2S(aq) across these spring intervals is
likely due to both degassing of H2S and to oxidation and
precipitation of elemental S in the first 0–3 m down gradient
from discharge (Xu et al., 1998). The concentration of total
soluble Fe remains nearly constant at 45–48 �M from east

Table 1. Aqueous chemistry of geothermal discharge sampled from the
predominant east source (73.7°C) of Beowulf Spring on June 6, 2002.

Cations/Anions (�M) Primary cations/anions (�M)

Na� 12957 Si 4690
K� 1258 DICb 1850
Ca 135 B 717
Al 145 As 23.9
Fe 49.3 NH4

� 79.4
Mg 8.2 DOCc 53
Zn 1.4 H2S(aq) 78.7
Mn 0.73 P 4.5
Cl� 13770 Se 2.5
SO4

2� 1510 H2 (aq) 0.02
F� 147 Charge difference 0.9%
NO3

� 20 Ionic strength 17.5 mM

a Undetected trace elements and method detection limits: Se (�4
�M); Ni, (�0.9 �M); Sb, Pb, Cr (�0.6 �M); Cd, Cu, (�0.2 �M).

b Dissolved inorganic C.
c Dissolved organic C.
d Charge difference and ionic strength calculated using Visual

MINTEQ (Allison et al., 1991).
source to sampling site B3, despite the significant accumulation
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of Fe(III) in microbial mats commencing at approximately 8 m,
just upstream from sampling site B1L. Furthermore, the pre-
dominant valence of aqueous phase Fe remains as Fe(II) from
east discharge to sampling site B3, despite the obvious Fe
oxidation occurring to form Fe(III) solid phases that dominate
the mat composition. In the west source, noticeable aqueous Fe
oxidation and small decreases in total soluble Fe were observed
at sampling site B1D.

Arsenite [As(III)] is the predominant form of inorganic As in
Beowulf source waters, however, As(III) is oxidized down
gradient from discharge, especially after concentrations of dis-
solved sulfide drop below 10 �M (Table 2). By the time source
waters have reached sites B1, B2 and B3, approximately 30–
50% of the As(III) has been oxidized to As(V). The oxidation
of aqueous As(III) is inversely related to dissolved sulfide, and
As(V) concentrations continue to increase significantly as
spring waters flow across the Fe-rich microbial mats. Previous
work in a similar ASC spring has documented that the rapid
As(III) oxidation rate occurring across Fe rich mats is a direct
result of biotic activity (Langner et al., 2001). Furthermore, a
Hydrogenobaculum-like microorganism recently isolated from
a similar ASC spring has been shown to oxidize As(III)
(Donahoe-Christiansen et al., 2004). A detailed assessment of
all possible organisms contributing to As(III) oxidation has not
been accomplished, but is part of our longer term goal to fully
describe organisms responsible for As transformation. The
mechanisms of microbial As(III) oxidation are also not entirely
clear, but it is likely that several microbial populations are
involved in the oxidation of As(III) (discussion to follow),
either utilizing As(III) as an electron donor for growth or
oxidizing As(III) as part of a detoxification strategy (Anderson
et al., 1992; Inskeep et al., 2002). Recent work completed in a
nearby (�200 m) ASC spring containing 80 �M As(III) in
geothermal source waters has shown that significant As(III)
oxidation can occur before formation of the Fe rich mat, how-

Table 2. Site descriptions and measurements of aqueous temperature,
several sampling dates in 2001–2002 to provide an indication of seaso

Site
Distance

from sourcea Description
T

West Source 0 m Discharge
East Source 0 m Discharge
Ba 3 m Middle of S depositional zone
Bb 6 m End of S depositional zone
B1 Light 9 m Early Fe depositional zone, east

channel (2–4 cm thick 5YR 5/8
mats)f

B1 Dark 9 m Fe depositional zone at terminus of
west channel (0.2–0.4 cm thick
2.5YR 4/4 mats)

B2 13 m Fe depositional zone, main channel
(2–4 cm thick 5YR 5/8 mats)

B3 17 m Fe depositional zone, main channel
(2–4 cm thick 5YR 5/8 mats)

a Distances are m from predominant east source or from west sourc
b Where present, values in parentheses are standard deviations of th
c pH range given rather than means.
d Ratio of As(V)/AsTS, where AsTS � 24.1 (1.7) �M across all sam
e Ratio of Fe(II)/FeTS.
f Munsell color of wet sample: YR � hue, followed by value/chrom
ever, oxidation of As(III) continues to increase as the Fe mats
develop (Macur, 2004). Consequently, it is likely that several
adapted microbial populations play a role in the oxidation of
As(III) measured down gradient from discharge. As will be
discussed below, the microbial oxidation of As(III) to As(V)
plays an important role in defining the formation and compo-
sition of Fe mats.

The geothermal source waters of Beowulf Spring also con-
tain H2CO3 levels of at least 2 mM (Table 1). Previous mea-
surements of DIC at an adjacent ASC spring were as high as 4.4
mM at the source. The lower concentrations of DIC in Beowulf
source waters may reflect a greater loss of CO2(g) due to
outgassing before sample injection into the ion chromatograph.
The prior measurements were made by titration of closed
headspace samples. Although the concentration of DIC de-
clines rapidly down gradient due to degassing, there is a sig-
nificant quantity of aqueous CO2 available for autotrophic
growth and the geothermal waters are still supersaturated with
respect to atmospheric CO2 as they flow across the Fe rich
mats. Concentrations of DIC in aqueous samples analyzed
using ion chromatography over a 1-yr period have ranged from
0.1–0.3 mM at sampling site B2. While the concentrations of
DIC in source waters of Beowulf are considerably greater than
concentrations of dissolved organic C (DOC) (0.05 mM), the
amount of DOC may still be important for heterotrophic
growth.

3.2. Solid Phase Characterization: Fe(III)-As(V)
Oxyhydroxide Microbial Mats

3.2.1. Scanning and transmission electron microscopy

Iron rich microbial mats from Beowulf Spring were observed
using cryostage scanning electron microscopy (SEM) and were
shown to contain numerous microbial filaments encrusted with
Fe-As rich solid phases (Fig. 2). Analysis of these solid phases

al sulfide, As, and Fe in Beowulf Spring, averaged in most cases across
iation of geochemical parameters.

ture
pHc

S(�II)
(�M) As(V)/AsTS

d FeTS (�M) Fe(II)/FeTS
e

b 2.98–3.05 82.3 (6.4) 0 41 0.91
3.03–3.09 80.0 (5.6) 0.04 (0.05) 48 (0.5) 0.94 (0.05)
3.01–3.14 30.4 (4.0) 0.07 (0.00) 48 (2) 0.92 (0.10)
3.00–3.13 10.3 (3.2) 0.17 (0.02) 50 (3) 0.91 (0.04)
2.97–3.10 4.6 (1.6) 0.32 (0.12) 49 (5.6) 0.93 (0.07)

2.95–3.05 0.3 0.62 35 0.61

2.96–3.05 2.5 (1.2) 0.41 (0.08) 46 (6) 0.94 (0.04)

2.95–3.05 1.7 (0.4) 0.60 (0.19) 45 (9) 0.87 (0.01)

1 Dark.
pling dates.

ositions and dates.
pH, tot
nal var
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(°C)

69 (3)
74 (4)
71 (3)
68 (3)
64 (1)

53 (1)
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56 (2)
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pling p

a.
using EDAX confirmed that the predominant constituents be-
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sides O were As and Fe at As:Fe mole ratios of 0.62 � 0.01,
irregardless of sample location (i.e., across all samples evalu-
ated). Furthermore, the ratios of As:Fe were the same in B2
samples obtained from the top 2 mm or bottom 2 mm of the
2–4 cm thick mats. Total dissolution of solid phase mat sam-
ples exhibit consistent molar As:Fe ratios of 0.60 � 0.01 (Table

Fig. 2. Scanning electron micrographs (SEM) of Fe ma
and site B2 (top 2 mm of mat) (C, D). Close-ups of the fi
shown in B and D, with overall diameters approaching 3
not possible to positively confirm the composition of “we

Table 3. Chemical compositiona of microbial mats sampled from Beow
B3 were essentially identical; consequently, a mean composition is repor

Fe As TOCb TONb

Mean 26.02 20.79 1.16 0.14
Std err 0.81 0.61 0.08 0.01

Ti Mg Mn Ba

Mean 217.5 80.0 75.4 64.4
Std err 14.0 6.0 2.3 8.8

a All elements except C and N determined using inductively couple
b
 TOC � total organic C, and TON � total organic N; both determined usi
3). The ratios observed in Beowulf Spring were similar to
As:Fe ratios of 0.7 measured in Fe mats of two additional ASC
springs (Langner et al., 2001; Macur, 2004). The encrusted
microbial filaments are reminiscent of other Fe(II) oxidizing
bacteria, which produce copious amounts of Fe(III) oxyhydrox-
ide as sheaths and precipitates external to the cell wall (Kon-

Beowulf Spring at site B3 (bottom 2 mm of mat) (A, B)
us As-rich Fe sheaths (molar As: Fe � 0.62 � 0.01) are
ven the high Fe and As contents of these samples, it was
material with fibers as thin as 0.04 �m shown in B.

ng. The composition of mats from site locations B1L, B2 Composite and
with associated standard errors reported for each element (n � 3).

S K Na P Ca

%
0.36 0.090 0.054 0.055 0.007
0.04 0.008 0.003 0.004 0.001

Sb Cr Ni Mo Cu

mg/kg
31.6 24.8 22.6 9.1 3.2
1.6 7.7 3.3 0.7 0.2

a spectrometry (ICP) on HNO3-HClO4-HF acid digests.
ts from
lamento
�m. Gi
ulf Spri
ted here

Al

0.62
0.10

Zn

38.7
1.3

d plasm

ng a LECO furnace.
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hauser, 1998). Epoxy impregnated thin sections of the Fe rich
mats at site B2 were evaluated using optical microscopy and
indicated that the majority of microbial filaments were oriented
parallel to the direction of spring flow, yielding a laminar
appearance (not shown). In samples evaluated from site B2,
irregardless of whether they were from the top or bottom of the
mat, microbial filaments were clearly the fundamental units
responsible for accumulation and deposition of Fe in these
laminar mats.

Subsamples of solid phase mat material from site B2 and B3
were fixed with gluteraldehyde, impregnated with epoxy and
thin sections analyzed using TEM/PEELS. Cross sectional im-
ages of microbial filaments revealed numerous microorganisms
with sheaths exceeding 0.5 �m in thickness (Fig. 3). Scanning
electron micrographs show that the total filament diameter
including the Fe sheath can approach 3 �m (Figs. 2B,D). Many
cells also exhibited small 0.02–0.1 �m diameter spheres as
isolated solid phases encircling the outer cell wall (Fig. 3A).
The composition of these extracellular solid phases was con-
firmed using PEELS to be predominantly Fe, As and O and

Fig. 3. Transmission electron micrographs (TEM) of un
(A) TEM image of cell surrounded by extracellular, spher
ranging from 0.1 to 0.2 um. The corresponding ESI imag
windows) across the Fe and As edges, and confirm the im
(B) Cross section of an Fe-As encrusted filament showin
sheath with an average thickness of �0.5 �m. The corre
prominent Fe-L2,3 and As-L2,3 edges.
electron spectroscopic images (ESI) confirm the spatial coex-
istence of these elements (Figs. 3A,B). Selected area electron
diffraction experiments were also conducted on many different
individual Fe-rich particles, however, no spots or ring patterns
characteristic of crystalline phases were observed. In samples
from either the top or bottom 2 mm of Fe mat, we observed
numerous cross- and semilongitudinal sections of cells exhib-
iting either (i) isolated spheres of Fe-As rich phases external to
the cell wall (as in Fig. 3A), (ii) thick fully encrusted Fe-As
sheaths (as in Fig. 3B), or (iii) no obvious Fe nucleation outside
the cell wall. This range in the degree of Fe encrustation and
sheath morphology may simply be due to different stages of
microbial growth and subsequent deposition of As-rich Fe solid
phases. Alternatively, these variations represent different mi-
crobial populations, which could form Fe solid phases via
different mechanisms.

3.2.2. X-ray diffraction

Solid phase samples from Beowulf Spring were also ana-
lyzed using standard and synchrotron-based XRD (Fig. 4). The

cells present in Fe mats of Beowulf Spring from site B2.
lid phase. The larger spheres shown here have diameters
were generated using a three window power law (15 eV
e of As coprecipitation during the mineralization of HFO.
5 �m diameter cell surrounded by an Fe-As solid phase
g PEELS spectra of extracellular solid phase (B) reveal
stained
oidal so
es (A)

portanc
g a 0.4
spondin
synchrotron XRD spectra (S-XRD) of a composite sample at
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site B2 is representative of other solid phase mat samples and
contained several sharp diffraction peaks imprinted over a few
broad, low intensity Bragg peaks at 29 and 60 °2�, (2.8 and
1.45 Å). The sharp peaks indicate the presence of a variety of
crystalline SiO2 polymorphs (e.g., tridymite, cristobalite and
opaline silica; Smith, 1998), but the spectra show no evidence
to suggest the presence of well- crystalline Fe or As phases. In
contrast, the broad diffraction maxima are characteristic of
other amorphous As-rich HFOs (Pichler et al., 1999; Carlson et
al., 2002). The broad features are also similar to those of 2-line
ferrihydrite (Drits et al., 1993; Carlson et al., 2002), but defi-
nitely inconsistent with reported diffraction patterns of
scorodite (crystalline FeAsO4 · 2H2O). While 2-line ferrihy-
drite and HFO contain 2 principal diffraction peaks (at �2.6
and 1.5 Å, 33 and 60 °2�) near those observed in Beowulf
samples, the XRD patterns for Beowulf samples show a char-
acteristic shift in these peaks towards larger d-spacings (at
�3.1 and 1.6 Å, 29 and 58 °2�) observed as a function of As
loading in synthetic As(V)-HFOs (Rancourt et al., 2001; Carl-
son et al., 2002). The XRD data of Beowulf samples suggest
that As is likely associated with the Fe phase via adsorption on
a ferrihydrite-like phase. It is well established that arsenate is
strongly retained through adsorption or coprecipitation with
ferrihydrite and other HFOs (e.g., Waychunas et al., 1993;
Fendorf et al., 1997), although the structure of the resulting

Fig. 4. Representative X-ray diffraction patterns of Beowulf Spring
samples from site B2, obtained using both conventional (B2) and
synchrotron-based XRD (B2 S-XRD). The patterns are compared with
diffraction patterns of arsenate-containing ferrihydrite (FeAsOH),
2-line ferrihydrite, and well crystalline scorodite. The reference pat-
terns are based on published diffraction patterns of scorodite (Haw-
thorne et al., 1976), and amorphous ferric arsenate and ferrihydrite
(Carlson et al., 2002).
solids is not yet fully resolved.
3.2.3. X-ray absorption spectroscopy (XANES/EXAFS)

Definitive valence state information and estimates of the
As-Fe bonding environments in mat solid phases were obtained
for sites B1L, B1D and for top and bottom mat locations at sites
B2 and B3 using XANES spectroscopy (Fig. 5, Table 4). The
As absorption edge for all Beowulf samples was located at
11874 eV, similar to that obtained for arsenate [As(V)] stan-
dards (Fig. 5). In contrast, arsenite has an absorption edge at
11871 eV (Fig. 5), and other reduced As solid phases (As2S3,
AsS, and FeAsS) all have absorption edges at lower energy.
Consequently, the predominant valence state of As in these
solid phases was As(V). Moreover, linear combination fitting
of XANES spectra from the Beowulf samples suggested that
there was no detectable As(III) in these solid phases. Iron
XANES spectroscopy was also performed to determine the
fraction of Fe(II) in the samples, and in each case, all detectable
Fe was determined to be Fe(III) (Table 5).

Results from X-ray diffraction of solid phases from Beowulf
Spring (Fig. 4) suggest that As is present as a coprecipitate or
adsorbed phase with a ferrihydrite-like HFO, rather than a
discrete Fe(III)-arsenate mineral. Results of fitting As EXAFS
spectra confirm that for all Beowulf samples analyzed, arsenate
is retained through adsorption on HFO (Fig. 6). The local As
structure is dominated by an As-O shell (CN � �4) at a
distance of 1.68 Å, typical of tetrahedral coordination in arsen-
ate. More distant shells have increased complexity, containing
two As-Fe shells at nominal distances of 2.82 and 3.33 Å
(Table 4). These distances are indicative of edge-sharing and

Fig. 5. Arsenic XANES of representative As-rich Fe oxyhydroxide
solid phases sampled from Beowulf Spring. The absorption edge of all

Beowulf samples was near 11874 eV, indicative of arsenate [As(V)].
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corner-sharing coordination to Fe(III) octahedra, and distinct
from scorodite. There are no obvious trends in the coordination
number or disorder in the As-Fe shells across different sam-
pling sites in Beowulf Spring, suggesting that both types of As
surface complexes are present in all samples. The EXAFS
spectra are similar to those observed for As(V) adsorbed on
ferrihydrite, or coprecipitated with Fe(III) oxyhydroxides (e.g.,
Waychunas et al., 1993, 1995). The As(V) associated with
these HFOs is strongly bound as both a bidentate binuclear and
a bidentate mononuclear complex. The formation of As(V)-
HFOs in ASC springs may be important in moderating the
concentration of toxic As(V) over longer time scales. Further-
more, these amorphous solid phases may ripen with aging and
eventually result in the incorporation of As(V) within more
crystalline minerals (Ford et al., 2002).

Iron K-edge EXAFS was useful to further examine the
structure of As(V)-HFOs found in Beowulf Spring. Iron
EXAFS spectra show only one strong feature, attributed to a
disordered Fe-O shell with an interatomic distance near 2.0 Å
(Fig. 7, Table 5). A weak Fe-As shell was also observed, which
is similar to and consistent with that determined using As
EXAFS (Table 4). Furthermore, the low Fe-As coordination

Table 4. Arsenic local structure of As-rich Fe oxyhydroxides isolated
from Beowulf Spring as determined by fitting EXAFS data. For each
sample, XANES data showed that all As was present was As(V). The
coordination number (CN) is typically accurate to within �1, inter-
atomic distance (R) within � 0.02 Å; �2 represents the variance in R.
For all of the media, E0 was set at 	 11874 eV, typical of As(V).

Sample Shell CN R (Å) �2 (Å2)

B1 Light As-O 4c 1.68 0.0026
As-Fe1

a 0.97 2.82 0.01c

As-Fe2
b 1.81 3.33 0.01c

B1 Dark As-O 4c 1.68 0.0023
As-Fe1

a 0.96 2.83 0.01c

As-Fe2
b 2.27 3.32 0.01c

B2 Bottom As-O 4c 1.68 0.0018
As-Fe1

a 1.07 2.83 0.01c

As-Fe2
b 2.49 3.33 0.01c

B2 Top As-O 4c 1.69 0.0017
As-Fe1

a 1.21 2.83 0.01c

As-Fe2
b 1.97 3.32 0.01c

B3 Bottom As-O 4c 1.69 0.0031
As-Fe1

a 1.09 2.85 0.01c

As-Fe2
b 1.98 3.33 0.01c

B3 Top As-O 4c 1.69 0.0024
As-Fe1

a 0.91 2.86 0.01c

As-Fe2
b 1.95 3.33 0.01c

As-Fe mixed precipitate (0.7
As:Fe)d (Manceau, 1995)

As-O 4c 1.68 0.0025
As-Fe1

a 0.6 2.83 �0.012c

As-Fe2
b 2.3 3.26 �0.012c

Scorodite
(Waychunas et al., 1993)

As-O 4c 1.68 0.0012
As-Fe 4c 3.36 0.0052

a Defined as the bidentate, mononuclear bridging complex.
b Defined as the bidentate, binuclear bridging complex.
c Fixed during fitting.
d The fit parameters for the As-O shell and �2 for the As-Fe shells are

not included explicitly in Manceau (1995). Consequently, the fit pa-
rameters for the As-O shell are based on spectral fitting by Waychunas
et al. (1993) of the same data. The �2 for the As-Fe shells was fixed at
a �2 that was 0.03 Å greater than a reference sample of lepidocrosite
(�-FeOOH), and the values reported here are approximations of that �2

based on our fits of lepidocrosite data.
number determined using Fe EXAFS is consistent with the
Table 5. Iron local structure of solid phase mat samples from
Beowulf Spring. For each sample, XANES data showed that all Fe was
present was Fe(III). The Fe-Fe shells are included for comparison;
however, none were statistically justified or included in final fits. The
coordination number (CN) is typically accurate to within �1, inter-
atomic distance (R) within � 0.02 Å; �2 represents the variance in R.
For all of the media, E0 was about 7120 eV, typical of Fe(III).

Sample Shell CN R (Å) �2 (Å2)

B1 Light Fe-O 6c 1.99 0.011
Fe-Fe1

a 0.19 3.03 0.01d

Fe-Asb 0.76 3.31d 0.01d

Fe-Fe2
c 0.24 3.63 0.01d

B1 Dark Fe-O 6c 1.98 0.0097
Fe-Fe1

a 0.18 2.91 0.01d

Fe-Asb 1.11 3.32d 0.01d

Fe-Fe2
c 0.55 3.63 0.01d

2-line Ferrihydrite
(Waychunas et al., 1993)

Fe-O 3.12 1.94 0.0084
Fe-O 2.13 2.09 0.0084
Fe-Fe1

a 1.53 3.03 0.005
Fe-Fe2

c 2.06 3.45 0.005
6-line Ferrihydrite

(Drits et al., 1993; Manceau
and Drits, 1993)

Fe-O 3 1.96 n/d
Fe-O 3 2.21 n/d
Fe-Fe1

a 3.0 3.01 �0.013
Fe-Fe2

c 6.5 3.44 �0.013
As-Fe mixed precipitate (0.7 As:

Fe) (Waychunas et al., 1993)
Fe-O 3.85 1.96 0.0084
Fe-O 2.46 2.10 0.0084
Fe-Fe1

a 0.83 3.04 0.01d

Fe-Asb 0.79 3.23 0.0097

a Defined as edge-sharing Fe octahedra. The distances are con-
strained based on those found for 2-line ferrihydrite (Manceau and
Drits, 1993).

b The Fe-As shell represents the bidentate, binuclear complex. To
minimize the number of variables, the interatomic distance and Debye-
Waller factor are constrained to those determined by As K-edge EX-
AFS. The other Fe-As shell is not included in fitting because it is
occluded by the Fe-Fe shells.

c Defined as corner-sharing Fe octahedra.
d

Fig. 6. Arsenic K-edge EXAFS spectra of As-rich Fe oxyhydroxides
from Beowulf Spring. Both the k-weighted �(k) functions (A) and their
Fourier-transforms (B) are plotted. The solid lines are the experimental
Fixed during fitting.
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formation of arsenate surface complexes on ferrihydrite, and
suggests that only a portion of Fe atoms are coordinated di-
rectly to arsenate. However, there is little evidence for the
presence of Fe-Fe interactions (Fig. 7, Table 5) that typify
ordered Fe hydroxide phases (Combes et al., 1989; Manceau
and Drits, 1993). In fact, Fe-Fe shells were not justified in
fitting the Fe EXAFS spectra of Beowulf samples, and their
coordination numbers are exceedingly low when fixed to fer-
rihydrite-like coordination (Table 5). The lack of Fe-Fe coor-
dination indicates that any HFO formed is highly disordered, in
part due to the high concentrations of As which are complexed
to the edges and corners of Fe(III) octahedra. The diffraction
data and the EXAFS data are consistent with the observation
that 100% of the Fe and As present in these solid phases was
extractable with NH4-oxalate (pH � 3), an extraction method
that correlates with the ‘amorphous Fe oxide’ fraction (Loep-
pert and Inskeep, 1996).

The particle size of the As(V)-HFOs from Beowulf Spring
can be estimated by examining the quantity of arsenate that can
theoretically be adsorbed to �FeOH surfaces as a function of
the number of Fe atoms in a HFO particle. For samples from
Beowulf Spring, the particle diameter would have to be be-
tween 1 and 2 nm to have sufficient surface sites to accommo-
date As:Fe mole ratios of � 0.62 (Fig. 8). The presence of
amorphous or nanocrystalline phases is consistent with the high
degree of disorder observed by diffraction and EXAFS. How-
ever, the low N2-BET surface areas (5 m2/g) and TEM images
of these samples suggest that apparent particle diameters range
from 0.1 to 0.5 �m, much larger than predicted based on
arsenate adsorption densities. Aggregation and or consolidation
of As(V)-HFO nanophases is likely responsible for the low
measured surface areas observed in these samples. Rancourt et
al. (2001) proposed similar aggregation processes during the

Fig. 7. Iron K-edge EXAFS of As-rich Fe oxyhydroxides from
Beowulf Spring. Both the k-weighted �(k) functions (A) and their
Fourier-transforms (uncorrected for phase shift) (B) are plotted. The
solid lines are the experimental data, and the dotted lines are fits.
formation of disordered HFOs in hydrothermal vents.
3.3. Microbial Community Analysis Based on 16S rDNA
Sequence Data

As demonstrated in SEM and TEM micrographs (Figs. 2–3),
the Fe-As rich mats contain numerous microorganisms, many
of which show various stages of Fe encrustation. The microbial
populations present in these mats were evaluated using DNA
extraction, PCR amplification of 16S rDNA, separation of 16S
fragments using DGGE, and subsequent sequence analysis of
purified DGGE bands. Community profiles for sites B1L, B1D,
B2 top and bottom, and a composite (whole sample) of B2 were
obtained using both universal archaeal and bacterial primers
(Fig. 9). The majority of DGGE bands from each site were
sequenced and compared to sequences deposited in GenBank
(based on BLAST searches in May 2003). There were, how-
ever, several DGGE bands which could not be purified and
sequenced. For reporting purposes, the band numbers and cor-
responding 16S rDNA sequences obtained from these samples
will be referred to as GenBank closest neighbor–like popula-
tions. Furthermore, it is understood that band intensity is not
always a trustworthy indicator of the numerical abundance of
active organisms, due to potential template bias during ampli-
fication. However, cultivation-independent approaches avoid
the well-established bias inherent in most isolation strategies,
and provide a first line of evidence regarding the potential
importance of specific microbial populations in a sample. In
many cases, the two different primer sets (archaeal and bacte-
rial) resulted in amplification of identical sequences, supporting
the identification of potentially dominant microbial populations
(Fig. 9). Replicate community profiles were obtained for each
site location and the banding patterns were highly reproducible
(nearly band for band); consequently, the differences in band-

Fig. 8. Number of Fe atoms in a cluster versus As:Fe ratio assuming
complete site saturation with arsenate. The square symbols indicate site
saturation based on crystallographic limitations (the number of bridg-
ing hydroxyls present on the surface), where the error associated with
these values is based on possible variation in crystal morphology. The
circle symbols assume spherical particles and an adsorption density of
3.5 sites/nm2, similar to that reported by Dzombak and Morel (1990).
ing patterns among site locations suggests a distribution of
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different microbial populations across temperature and chemi-
cal gradients. Also, samples treated with NH4-oxalate to re-
move the Fe sheaths resulted in identical banding patterns to
those reported here; consequently, the presence of Fe sheaths
did not inhibit effective DNA extraction.

Two intense bands (BG1, BG11) were present in all
samples except site B1D (Fig. 9). In both cases, the nearest
GenBank neighbors of these 16S sequences were uncultured
archaeon clones; BG1 was 87% similar to an uncultured
archaeon CRA20 [GenBank Accession no. AF119130] and

Fig. 9. Microbial community 16S rDNA fingerprints g
gradient) of partial 16S rRNA genes amplified from Beow
sets. Bands that were successfully purified and sequenc
accession number, nearest GenBank neighbor, and % simil
indicate comigrating bands.
BG11 was 99% similar to an uncultured archaeon YN-
PFFA23 [AF391991]. Very little is known about these un-
cultured archaea except that CRA20 and its close relative in
GenBank (clone pEPR113 [AF526987]) originate from sam-
ples of deep-sea sediments or hydrothermal vents (Vetriani
et al., 1999). Given that the sequence corresponding to BG1
was only 87% similar to CRA20, the archaeon represented
by this band is likely a novel organism. Although the se-
quence corresponding to band BG11 was 99% similar to
YNPFFA23 and several other archaeal clones identified at
Fairy Falls, YNP (AF391989, AF391990, AF391993), the

using denaturing gradient gel electrophoresis (40–70%
ing using universal archaeal (A) and bacterial (B) primer
labeled with band designation, corresponding GenBank
band sequence to nearest neighbor sequence. Dotted lines
enerated
ulf Spr

ed are
arity of
nearest cultured relative was Aeropyrum pernix (AB078015) at

AF119130
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only 89% similarity. Consequently, the organism represented
by band BG11 is also a novel uncharacterized archaeon.

Site B1 Dark is located at the terminus of the west source, is
considerably cooler (53°C) and exhibits thinner, darker brown
(2.5YR 4/4) Fe mats. The dominant band at site B1D for both
the archaeal and bacterial primers was BG6 with a partial 16S
sequence that was 90% similar to a Marinithermus hydrother-
malis (AB079382) isolate cultivated from a deep sea vent
(Sako et al., 2003). The low 16S similarity suggests that the
organism represented by BG6 is also novel and uncharacter-
ized. Interestingly, this Marinithermus-like population was
only detected at site B1D.

At site B1 Light (64°C), dominant DGGE bands included
BG1 and BG11 (described above) and B25, whose correspond-
ing sequence exhibited closest GenBank matches to known S
and or Fe oxidizers Metallosphaera prunae (X90482, 98%
similar) and M. sedula (D26491, 97% similar). Site B1L is
located in the hotter zone of early Fe deposition �1 m down
gradient from the commencement of Fe mat formation. The Fe
mats at this location are thicker and lighter (5YR 5/8) than mats
at B1D (2.5YR 4/4). The presence of a Metallosphaera-like
population at only site B1L is consistent with our observations
in a nearby thermal spring where Metallosphaera-like popula-
tions appear confined to hotter zones (�65°C) of Fe deposition
(Macur, 2004).

Moving down gradient to site B2 (59°C), bands BG1 and
BG11 (described above) are still important; however, several
bands unique to the top 2 mm of site B2 (B2T) are noteworthy.
Bands BG38, BG39 and B12 were observed only in sample
B2T and correspond to sequences which were most similar
(GenBank) to a Thiomonas isolate (AF387303, 98% similar),
an Acidimicrobium sp. isolate Y0018 (AY140240, 98% simi-
lar) and an uncultured bacterial clone YNPFFP32 (AF391976,
98% similar), respectively. The 16S sequence of BG38 is 100%
identical (in the region analyzed) to a Thiomonas-like popula-
tion observed in 60°C Fe mats in a nearby ASC spring (Macur,
2004), and is closely related to other Thiomonas sp. that have
been implicated in Fe(II) and or As(III) oxidation in aerobic
acid mine drainage environments (Dennison et al., 2001; Morin
et al., 2003). Other closest neighbors to the 16S sequence
corresponding to BG39 include a thermophilic Fe-oxidizing
bacterium TH3 (M79434, Lane et al., 1992; 97% similar), an
uncultured bacterial clone (BA46) from extreme acid mine
drainage environments at Iron Mountain (AF225450, Bond et
al., 2000; 97% similar), an Fe-oxidizing Ferromicrobium aci-
dophilum isolate (AF251436, 97% similar) and an Acidimicro-
bium ferroxidans isolate (U75647, Clark and Norris, 1996;
96% similar). These closest neighbors all share characteristics
of either being acidophilic and thermophilic, or acidophilic, and
most have been shown to be associated with Fe(II) oxidation.
Finally, the 16S sequence corresponding to BG12 is closely
related to other uncultured bacteria from YNP, including clones
obtained from Fairy Falls, YNP (YNPFFP32) (AF391976, 98%
similar) and Ragged Hills in Norris Basin, YNP (YNPRH54A,
95% similar). The later sequence represents an uncultured
planctomycete, organisms which are known for surface attach-
ment via stalks in aquatic systems. However, given the lack of
cultured relatives to BG12 and the likelihood that this sequence
also represents a novel organism, it is difficult to infer possible

function of this population in the Fe mats of Beowulf Spring.
Sequences of DGGE bands of intermediate and low intensity
were also characterized and compared to 16S sequence data in
GenBank, and these bands are also represented by a large
number of uncharacterized organisms. Bands BG2 and B14
were fairly intense at site B1 Light, while BG2 was a minor
band at sites B1 Dark and B2 Top. Band BG2 corresponds to
a 16S sequence which exhibited a 99% match to an uncultured
archaeon clone A14 (AF325186) observed in Fe mats of a
similar ASC spring (Jackson et al., 2001). The next closest
neighbor to BG2 at 94% similarity was a clone pUWA2
(AB007307) obtained from geothermal environments in Japan
(Takai et al., 1999); consequently, BG2 also represents a novel
population with no closely related cultured organisms. Band
B14 corresponds to a 16S sequence which was 100% identical
to an uncultured bacterial clone (YNPFFP86) from Fairy Falls
(AF391980) and a clone (AF356015) from acidic hydrothermal
waters of volcanic environments in New Zealand (Donachie et
al., 2002). Furthermore, B14 was also identified as one of two
sequences present in enrichment isolation cultures from an
ASC thermal spring that were actively oxidizing Fe(II) (B.
Kocar, unpublished data). Finally, less intense bands including
BG9, BG13, BG18 and BG20 were present in many of the Fe
mat samples from Beowulf Spring. The sequences correspond-
ing to bands BG9, BG18 and BG20 were closely related to
other uncultured archaea obtained from Fairy Falls, YNP. For
example, bands BG9 and BG18 represent very similar se-
quences (99% similar to one another) that were 98% similar to
an uncultured archaeon clone YNPFFA85 (AF391992) and
95% similar to uncultured clones YNPFFA1, YNPFFA4 and
YNPFFA23 (AF391989-91). These bands also appear to have
no closely related cultured organisms, so they too represent
novel archaeal populations for which there is little physiologic
information. Band BG20 corresponds to a 16S sequence which
is 99% similar to uncultured archaeal clones YNPFFA30
(AF391995) and YNPFFA52 (AF391996). The closest culti-
vated neighbor to BG20 at 93% similarity was the isolate
Acidianus ambivalens, newly classified from what was Desul-
furolobus ambivalens (Fuchs et al., 1996). Band BG13 is con-
tributed by a population that is only 95% similar to a hetero-
trophic acidophilic bacterium isolated from YNP (AY140238),
and only 93% similar to Gluconacetobacter sacchari
(AF127409), an acetic acid bacterium (Franke et al., 1999).

In summary, the 16S rDNA sequences obtained from the Fe
mats of Beowulf Spring indicate the presence of diverse and
often novel archaea and bacteria. Although several sequences
detected in these Fe mats were closely related to 16S sequences
of cultured organisms with known capabilities to oxidize Fe(II)
and or As(III), the majority of sequences obtained from the
mats were not closely related to cultured organisms. Conse-
quently, very little is known regarding the potential metabolic
or physiologic attributes of the organisms represented by these
sequences, and in most cases, their role in the deposition of
As(V)-rich Fe(III) oxyhydroxide mats cannot be estimated us-
ing phylogenetic inference.

3.4. Mechanisms of As(V)-HFO Biomineralization

We have presented a comprehensive characterization of
As(V)-HFO solid phases associated with microbial mats in a

high As, acid thermal spring in Norris Geyser Basin, YNP. The
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subject spring is representative of at least one major type of
acid-sulfate-chloride (ASC) geothermal spring distributed
across different geographical locations within YNP. The poorly
ordered HFO phases that form in microbial mats of the 53–
65°C temperature zones of Beowulf Spring exhibit mole ratios
of As:Fe of 0.62, similar to other high-As HFOs observed in
acid-mine drainage environments and other ASC springs of
YNP. Furthermore, the data presented in the current study show
definitively that the As present in these phases is As(V), and
that molecular As-Fe distances are consistent with edge-sharing
and corner-sharing coordination of arsenate with Fe(III) octa-
hedra as bidentate binuclear and bidentate mononuclear com-
plexes, similar to observations made on synthetic As-rich fer-
rihydrites or coprecipitated As(V)-HFO phases (Waychunas et
al., 1993; Rancourt et al., 2001; Carlson et al., 2002). The lack
of a significant Fe-Fe shell obtained using Fe edge EXAFS
suggests a highly disordered Fe(III)-hydroxide phase, consis-
tent with XRD patterns and the inability to obtain electron
diffraction. Theoretical particle size estimates based on knowl-
edge of the As:Fe mole ratio and the nature of surface compl-
exation from As EXAFS suggest that these nanocrystalline
phases are approximately 1–2 nm in diameter, but that they
aggregate into larger particles during formation external to the
cell wall.

The coprecipitation of As(V) with the Fe(III) oxyhydroxide
phase appears to commence during the nucleation of Fe clusters
external to cell membranes (Fig. 3A). The aqueous phase As
species present in the Fe depositional zone include both
H3AsO3

o and H3AsO4
o/H2AsO4

�. Consequently, formation of
Fe(III)-OH clusters occurs in the presence of approximately
equal concentrations of 12 �M As(III) and As(V). It is note-
worthy that the resulting solid phases associated with microbial
cell walls contain predominantly As(V), when it is well estab-
lished that H3AsO3

o [As(III)] also adsorbs strongly to HFOs
via a similar bidentate surface complex (Manning et al., 1998).
However, the pH dependence of arsenate versus arsenite sorp-
tion (Manning et al., 1998; Sun and Doner, 1998) suggests that
As(V) surface complexation would be favored at native spring
pH values of 3.1. Alternatively, additional oxidation of As(III)
may be mediated by the same microorganisms responsible for
Fe(II) oxidation or other community members in close prox-
imity. The likelihood that As(III) sorbs to the HFO phases and
is then later oxidized to As(V) via abiotic oxidation by Fe(III)
is low based on reports of the stability of As(III) on Fe oxide
surfaces (Manning et al., 1998) and the fact that As(III) oxi-
dation has been shown to require the presence of live mat
(Langner et al., 2001). It is also important to note that the HFO
phases formed in Beowulf Spring contain very little S and
essentially no boron (B), despite the high concentrations of B
(0.8 mM) and sulfate (1.3 mM) in the geothermal source waters
flowing over these mats. The pH dependent sorption of these
oxyanions is such that arsenate sorption is strongly favored at
pH 3.

3.5. Microbial Controls on Geochemical Processes

Biomineralization processes are of considerable interest in
geobiology, industrial corrosion, and biomedical sciences, and
can represent important contributions to the biogeochemical

cycle for many elements, often yielding clues regarding evi-
dence of past microbial life preserved in geologic strata. The
mechanism of formation of As(V)-HFO solid phases in this
microbial mat is clearly linked to microbial processes, either
through oxidation of Fe(II) as an electron donor for chemo-
lithotrophic metabolism and or as a result of biomass-induced
oxidation and subsequent nucleation of the Fe phase on the cell
walls of microorganisms (Figs. 2–3). These suggestions repre-
sent testable hypotheses, that with further experimentation, will
ultimately define a functional role for specific members of the
microbial community. It is through our understanding of natu-
ral systems that we begin to appreciate the geomicrobial com-
plexity characteristic of other contaminated environments, and
the difficulty of implementing remediation strategies that ulti-
mately depend on microbial activity, and more specifically on
the microbial activity of specific populations! Further work in
this geothermal model system will focus on establishing defin-
itive linkages among phylogenetically defined populations and
specific geochemical processes (e.g., As(III) oxidation, Fe(II)
oxidation, Fe(III) reduction, CO2 fixation). We speculate that
the microbial populations detected in these mats using molec-
ular methods are uniquely adapted to these environments, and
in turn have coevolved with other organisms of the community
yielding diverse metabolisms reflective of specific geochemical
parameters and or processes. In this regard, detailed character-
ization of model microbial communities provides an excellent
opportunity for assessing how microbial speciation is linked to
geochemical speciation and the ecological factors that control
microbial population dynamics.

Analysis of 16S rDNA sequences present in As(V)-HFO
mats of Beowulf Spring suggest that several uncultured archaea
and bacteria are important microbial populations in this com-
munity, as well as organisms that have closest neighbors known
to be associated with either Fe(II) or As(III) oxidation. TEM
images of these microbial cells suggest the possibility that
different degrees and morphologies of Fe encrustation may
reflect contributions from different microorganisms. Molecular
data on the distribution of 16S rDNA sequences in the Fe-rich
mats are consistent with this hypothesis and suggest that sev-
eral different microbial populations may be important in the
formation of As(V)-HFO mats. One of the central tenants of
microbial diversity and biologic speciation in natural systems
relates to the importance of habitat and geochemical attributes
in potentially defining the evolution of microbial species, where
unique microbial species are distributed across gradients of
temperature and or aqueous chemistry (Ward, 1998). Indeed,
the 16S sequence data obtained in the present study supports
the hypothesis that the distribution of microbial populations
varies across physical and chemical gradients because of ad-
aptations to specific microenvironments. Even these reasonably
simple model communities are defined by several different
microbial populations, providing opportunities for understand-
ing networks among physiologically distinct groups of micro-
organisms. However, the actual function of microorganisms
represented by the 16S sequences identified in these mats is
difficult to ascertain, and especially considering that many
sequences have no closely related cultured organisms. This
suggests that other complimentary techniques will be necessary
to truly couple microbial population analysis with geochemical

processes, such as application of functional genomics or culti-
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vation and subsequent physiologic characterization of novel
organisms (Reysenbach and Shock, 2002).

Despite these limitations and opportunities for future
progress, several sequences represented by Metallosphaera-
like, Thiomonas-like and Acidimicrobium-like populations
were found within the Fe mats and are closely related to
isolates that have been shown to oxidize Fe(II) and or As(III).
For these sequences, we can infer that the corresponding mi-
crobial populations present in the mat samples likely play a role
in the oxidation of Fe(II) to form As(V)-HFO. Differences in
microbial community structure across mat locations (e.g., B1D
versus B1L) again suggest that microbial speciation may occur
over short distances in these environments, responding to
changes in aqueous and solid phase chemistry and or temper-
ature. One of the challenges for future research in geomicro-
biology is to utilize the descriptive information (such as that
presented in this study) necessary for defining natural environ-
ments more systematically to establish consistent patterns of
sequence distribution in relation to geochemical properties and
processes. These observations will assist in defining the net-
works controlling chemical and biologic energy flow in natural
microbial communities. It has been suggested that model mi-
crobial communities provide opportunities for understanding
links between genomics and biogeochemical networks in en-
vironmental contexts that are well defined, not overly compli-
cated in numbers of different species, yet that exhibit phyloge-
netic and metabolic diversity (Newman and Banfield, 2002). In
this regard, further ecological and genomic studies focused on
microbial-mineral interactions in extreme geothermal environ-
ments will contribute to discovery of novel microorganisms
whose metabolisms are understood in the context of biogeo-
chemical function. Simultaneously, these efforts will contribute
to our understanding of the geochemical factors responsible for
the evolution of microbial species.
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