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Geomicrobiology of Acid-Sulfate-Chloride Springs in Yellowstone

1.0 INTRODUCTION

Of the numerous geothermal features distributed
throughout Yellowstone National Park (YNP), many
are very acidic (pH<3) due to the oxidation of S in
the subsurface hydrothermal system and or contact of
geothermal water with buried solfataras (Fournier et al.
1992; Xu et al. 1998). Many of these acidic geothermal
sites exhibit similar chemical characteristics to nonthermal
acid-mine drainage generated from pyrite oxidation
(Nordstrom 1982; LeBlanc et al. 1997; Morin et al.
2004); thus their thorough study and characterization
has application beyond the study of microbial ecology
in extreme habitats. Acidic geothermal springs in YNP
represent unique environments, harboring microorganisms
with physiologies speciﬁc to such habitats and that have yet
to be discovered and characterized. The low pH of these
environments precludes colonization by major groups of
photosynthetic bacteria such as cyanobacteria, although
at moderate thermophilic temperatures (40-55oC), acidtolerant eukaryotic algae such as Cyanidium, Galdieria, and
Cyanidioschyzon ﬁnd near exclusive niche opportunities at
pH values below 4 (Albertano et al. 2000). Consequently,
primary production in many acidic thermophilic habitats
is likely dominated by chemolithotrophic prokaryotes
that obtain energy from the oxidation of inorganic
constituents. Many acidic geothermal features also contain
what would normally be considered toxic levels of various
trace elements (Phelps and Buseck 1980; Stauffer et al.
1980; Langner et al. 2001; Ball et al. 2002)—including
mercury (Hg), arsenic (As), boron (B), and antimony
(Sb)—suggesting that many organisms adapted to such
environments possess resistance mechanisms, or perhaps
utilize these constituents for metabolic functions (Silver
1996; Rosen 2002; Oremland and Stolz 2003). These
extreme habitats with unique chemical signatures may
be analogous to early earth or non-earth environments,
and serve as models for studying functional relationships
among microorganisms and biogeochemical cycling
(Newman and Banﬁeld 2002).
Acid-sulfate-chloride (ASC) springs in Yellowstone are
thought to arise from the mixing of chloride water with
acid-sulfate water, where the ultimate source of sulfate may

come from the oxidation of reduced forms of S from buried
solfataras or the hydrolysis of magmatic SO2(g) noted in
Fournier et al. 1992, and Xu et al. 1998. A common ASC
spring type in Norris Basin exhibits chemical signatures
dominated by mM levels of Na+, Cl-, SO42-, and H+ (pH
~3), along with µM levels of Fe(II), As(III), and NH4+.
Ratios of Cl-/SO42- can vary dramatically in geothermal
features throughout Norris Basin; however, the springs
discussed in this review exhibit consistent Cl-/SO42- molar
ratios of ~10-12 (Langner et al. 2001). Furthermore,
the concentrations of dissolved gases such as H2S, H2,
CO2, and CH4 in the source waters of these springs are
signiﬁcantly oversaturated with respect to earth surface
atmospheric conditions. Consequently, the source waters
contain a suite of reduced chemical species that may
serve as energy sources for diverse and novel microbial
populations colonizing the outﬂow channels. As we
will highlight below, geochemistry and temperature covary in these outﬂow channels as near super-imposable
gradients originating from the spring source, and together
act to establish niche opportunities for suitably adapted
microorganisms.
During the last four years, one of our primary goals has
been to deﬁne functional relationships among geochemical
processes and the microorganisms that inhabit ASC
springs of Norris Basin, YNP. These sites are the primary
subject of a National Science Foundation (NSF) Microbial
Observatory project focused on the discovery and
characterization of chemolithoautotrophic, thermophilic
microorganisms. Our approach has combined thorough
geochemical analysis of aqueous and solid phases with
molecular investigations that thus far have targeted the
16S rRNA gene. Our studies have revealed microbial
communities that are suitably complex, yet simple enough
to offer a reasonable opportunity for understanding
the role of, and possible interactions among, speciﬁc
microorganisms. The fundamental hypothesis of our work
is that the signiﬁcant phylogenetic and functional diversity
in these geothermal systems is deﬁned by geochemical and
temperature regimes throughout the outﬂow channels.
The data presented below provide a current summary of
our understanding of the geomicrobiology of ASC springs
in Yellowstone National Park.
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2.0 METHODS AND APPROACH
2.1 Site Locations

The Hundred Springs Plain of Norris Geyser Basin
(Figure 1a) contains several different types of ASC springs;
however, our work has focused on low-discharge, acidic
springs containing H2, S(-II,0), Fe(II), and As(III) that
may serve as electron donors capable of driving primary
microbial production. The data summarized in this review
were obtained from three ASC springs located just south
of Cinder Pool (Norris Basin), and unofﬁcially referred
to as Dragon (Figure 1b, c), Beowulf, and Succession
Springs. The YNP Thermal Inventory Numbers and
coordinates of these three springs, respectively, are
NHSP106 lat 44o43’54.8” N, long 110o42’39.9” W;
NHSP35 lat 44o43’53.4” N, long 110o42’40.9” W; and
lat 44º43�75.7� N, long 110º42�74.7� W. These springs
have also been analyzed periodically for a full suite of
chemical constituents by the U.S. Geological Survey as
part of Yellowstone Park’s geothermal discharge inventory
programs (Ball et al. 2002). These springs exhibit source
water temperatures ranging from 63-84°C and ﬂow rates
ranging from approximately 10-50 L/min. Flow rates
have been observed to vary considerably (as much as 50%)
over the last four years, similar to seasonal ﬂuctuations
of geothermal discharge documented in Norris Basin
(Friedman 1994). During the last several years, aqueous
and solid phase samples have been subjected to detailed
chemical characterization and molecular analyses (16S
rDNA sequence analysis) to identify microbial populations
present as a function of distance from spring discharge.
In selected locations, microbial mat samples have been
used as inoculum for enrichments designed to isolate
microorganisms responsible for mediating oxidationreduction reactions in situ.
2.2 Aqueous Geochemistry

Aqueous samples were ﬁltered (0.2 µm) on site, then
analyzed in Montana State University’s Soil Analytical
Laboratory using inductively coupled plasma (ICP)
spectrometry 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 1998).
In addition, several analyses were routinely conducted on
site including: (i) Fe(II)/Fe(III) using the ferrozine method
(To et al. 1999) employing a ﬁltered (0.2 µm) sample; (ii)
H2S(aq) using the amine sulfuric acid method (APHA
1998) with unﬁltered samples (to avoid rapid degassing
of H2S upon ﬁltration); and (iii) predominant inorganic
anions (F-, Cl-, SO42-, NO3-, CO32-, S2O3, AsO43-) using
ion exchange chromatography, or IC (Dionex AS16-4
mm column). Arsenate [As(V)] was determined using IC
on an untreated sample within 30 minutes of sampling,
and on paired samples treated with 10 M KMnO4 and
concentrated 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 As(V) and total soluble As (AsTS).
Control samples evaluated in the laboratory conﬁrmed
efﬁcient oxidation of As(III) using KMnO4 at low pH.
For samples from Dragon Spring (1999-2000), As(III)
and As(V) were determined using atomic absorption
spectrometry (hydride generation) on samples untreated
and samples treated with Na borohydride (Langner et al.
2001). 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.
More recent work (2003-2004) in our laboratories has also
included measurements of dissolved gas species such as H2,
CH4, and CO2 using a portable Varian gas chromatograph
(Model CP2900). In cases where dissolved gas values are
referenced in this review, aqueous samples were sealed
with zero headspace in 100 mL serum bottles using butylacetate stoppers (underwater when possible). A known
volume of liquid was withdrawn and replaced with an
equivalent volume of N2(g) and the bottles incubated with
intermittent shaking for 60 minutes. Preliminary analyses
determined that an equilibration time of approximately 60
minutes was required for gas-water partitioning. Samples
of the headspace were injected into the gas chromatograph
using Ar as a carrier gas and analyzed for H2, CH4, CO2,
H2S, and CO on a dual-channel detector system. Values of
headspace gas concentrations were then used to calculate

Geomicrobiology of Acid-Sulfate-Chloride Springs in Yellowstone

B

A

C

D

F

I

E

G

J

H

K

Figure 1. Photographic tour of the ASC springs discussed in this review, scaling from a panorama of Norris Geyser Basin to the
micromorphology of microorganisms found in these springs. A. One Hundred Springs Plain, looking north from Ragged Hills. B&C.
Source and outflow channels of Dragon Spring showing prominent solid phase zonation, including the yellow S and hydrous ferric
oxide (HFO) depositional zones and green bands of the eukaryotic algae Galdieria (temperature limit ca. 50 oC). D. Scanning electron
micrograph (SEM) of yellow streamers in C reveal filamentous organisms associated with rhombohedral S. E. SEM of filamentous
organisms present in Fe mats containing As-rich HFO. F. Terraced Fe mats of Beowulf Spring adjacent to eukaryotic acid-tolerant
algae (presumed Galdieria) with an observed upper temperature limit of ~ 51 oC . G. Optical microscopic image of an HFO mat thin
section from Beowulf Spring shows banding patterns of Fe deposition parallel to flow direction. H-K. SEM and transmission electron
micrographs of HFO mats from Beowulf Spring show biomineralization of As(V)-HFO phases intimately associated with microbial cells.
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original dissolved gas concentrations using temperaturecorrected Henry’s Law constants
KH = c(aq)/c(g)

for each gas (Amend and Shock 2001), and a mass balance
equation
[c(aq)sample VL] = [c(g) equil Vg, eq] + [c(aq) equil VL, eq]

for total dissolved gas prior to headspace equilibration
where KH = Henry’s Law constant at temperature of
incubation (temperature adjusted values of KH determined
from thermodynamic constants reported in Amend and
Shock 2001), c = concentration in either aqueous or
gas phases (mol L-1), and V = volume of liquid or gas.
Concentrations of dissolved O2 have been determined
using either the Winkler method or ﬂuorescence detection
using an Rt ﬁber-optic ﬂuorescence probe (Ocean Optics).
The later method proved difﬁcult due to probe instability
at higher temperatures (>60oC) and need for incessant
probe calibration.
2.3 Solid Phase Geochemistry

Samples of microbial mats and associated solid phases have
been subjected to a compliment of analytical procedures
to determine the composition, structure, and mineralogy
of solid phases deposited within the outﬂow channels.
Speciﬁcally, solid phases have been analyzed using: (i) X-ray
diffraction (XRD); (ii) scanning electron microscopy and
energy dispersive analysis of X-rays (SEM/EDAX); (iii)
transmission electron microscopy (TEM) of glutaraldehydeﬁxed and epoxy-inﬁltrated thin sections; (iv) X-ray
absorption near edge structure (XANES) spectroscopy
and extended X-ray absorption ﬁne structure (EXAFS)
spectroscopy using a synchrotron light source at the Stanford
Radiation Laboratory (Inskeep et al. 2004); and (v) total
chemical analysis of mat samples using a LECO furnace
(for total organic C [TOC] and total organic N [TON])
and acid digestion (HNO3-HClO4-HF at 110oC). Arsenic
XANES spectra of Fe-rich microbial mats were compared
to model compounds including scorodite (FeAsO4·2H2O),
sodium arsenate, sodium arsenite, orpiment (As2S3), and
arsenopyrite (FeAsS), and used to quantify As oxidation
state in the samples. The EXAFS spectral region was used

to determine the local coordination environment of Fe and
As in the Fe-rich precipitates (Inskeep et al. 2004).
2.4 Microbial Community Analysis: DNA
Extraction, Ampliﬁcation and Sequencing

Microbial mat samples have also been analyzed using
molecular methods to assess the distribution of 16S rDNA
sequences detectable across different geochemical and
temperature gradients observed in the outﬂow channels
( Jackson et al. 2001; Inskeep et al. 2004; Macur et al.
2004). Brieﬂy, solid phase microbial mats were sampled
using sterile tools and tubes, placed on dry ice, and
transported within 8 hours to a –80°C freezer. The 16S
rDNA genes of bacteria and archaea present in the DNA
extracts have been ampliﬁed by polymerase chain reaction
(PCR)—using several primer sets, either designed for near
full-length gene cloning or for sequence separation—using
denaturing gradient gel electrophoresis (DGGE). One
set was designed to amplify a 322 bp segment within the
domain Bacteria using Bac1070F paired with Univ1392R,
and another set used to amplify a 461 bp region within the
domain Archaea using Arc931F and Univ1392R ( Jackson
et al. 2001). For DGGE-speciﬁc ampliﬁcations, the reverse
primer was modiﬁed with a 40 bp gas chromatographyrich clamp to facilitate separation (Ferris et al. 1996).
Details of the PCR and DGGE procedures can be found
in previous publications (Ferris et al. 1996; Jackson et al.
2001). In all cases, negative control reactions (no template)
were routinely performed to ensure PCR product purity.
Further, PCR products were routinely examined in agarose
gels to verify PCR ﬁdelity (i.e., single amplicon of correct
size). Individual DGGE bands were then puriﬁed and
sequenced using the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit (PerkinElmer) followed
by analysis with an ABI Prism 310 capillary sequencer
(PerkinElmer). Sequences were edited using Sequencher
3.1.1 software (Gene Codes Corp.) and compared with
sequences found in the GenBank database using BLAST
(Altschul et al. 1997). For phylogenetic analysis, cloned
sequences were aligned (ClustalW; Thompson et al. 1994)
and compared with the nearest neighbors identiﬁed using
BLAST and with sequences representing different lines of
evolutionary descent.

Geomicrobiology of Acid-Sulfate-Chloride Springs in Yellowstone

The work summarized here represents initial surveys on
the distribution of 16S rDNA sequences observed within
the outﬂow channels of several ASC springs, which have
been used to test the hypothesis that adapted microbial
populations are distributed across gradients of temperature and
aqueous chemistry. While the initial surveys of 16S rDNA
distribution in these springs do not provide a deﬁnitive
functional explanation for all populations, they have (i) been
extremely beneﬁcial for developing hypotheses regarding
microbially mediated redox cycling of H2, S, As, and Fe;
(ii) provided target 16S sequences for complimentary
and more quantitative molecular techniques including
ﬂuorescent in situ hybridization (FISH) and quantitative
PCR; and (iii) provided important clues for establishing
relevant isolation strategies necessary for cultivation of
microorganisms detected using molecular methods.

Table 1. Average source water chemistry of acid-sulfatechloride geothermal springs from Norris Basin sampled
periodically from 1999-20031.
Parameter

Temperature

Unit

o

C

pH

Acid-Sulfate-Chloride Spring

Dragon

Beowulf

Succession

63-70

74-80

75-84

3.1

3.1

3.1
12.5

Cations

Na

mM

16.3

13.0

K

mM

1.2

1.3

0.9

Ca

mM

0.15

0.14

0.12
50-86

Fe

µM

60

49

NH4

µM

70

79

45

Al

µM

180

145

109

Mg

µM

10

8.2

9.4

Cl

mM

16.0

13.8

13.3

SO4

mM

1.3

1.5

1.3

F

mM

0.2

0.15

0.17

NO3

µM

17

20

24

H4SiO4o

mM

4.50

4.69

4.82

H2CO3o

mM

4.4

1.9

1.8

H3BO3o

mM

0.9

0.72

0.65

Anions

3.0 RESULTS AND DISCUSSION
3.1 Aqueous Geochemistry

The high-As acidic
geothermal systems described here exhibit characteristics of
ASC springs with chemical signatures dominated by Na+,
H+, Cl-, and SO42-, and a total ionic strength of 16-20 mM
(Table 1). More importantly, these springs contain high
concentrations of reduced chemical species and dissolved
gases including As(III), Fe(II), H2, CH4, and H2S (Table 1)
that represent potential energy sources for microorganisms
and that serve as the main drivers of primary production in
these springs. For example, three ASC geothermal springs
studied in Norris Basin exhibit a fairly constant ﬂux of
µM levels of H2S, Fe(II) and As(III), and nM levels of H2.
Signiﬁcant over-saturation of geothermal source waters
with respect to atmospheric levels of H2, H2S, CH4 and
CO2 drives rapid degassing accompanied by oxygenation
of spring waters down gradient (unpublished data). For
example, concentrations of dissolved gases such as H2S and
CO2 decline as a function of distance from spring source,
and drop to below detection within several meters (Figure
2, next page). Simultaneously, the aqueous phase becomes
increasingly oxygenated down gradient, reaching full
saturation within 12 m in Succession Spring (Figure 2).
The chemical gradients within this zone of degassing and
3.1.1. Chemical inventory and profiles.

Neutral Species

H3AsO3o {As(III)}

µM

33

24

70-80

H2So {S(-II)}

µM

63

79

7-80

nM

60

20-200

55

nM

1250

1400

1650

2

H2

2

CH4o

o

DOC

µM

80

53

41

Ionic Strength

mM

20.0

17.5

16.5

1
Primary data sets can be found in several recent
publications: Langner et al. 2001; Inskeep et al. 2004; Macur
et al. 2004.

2
Ranges in dissolved gas concentrations represent
measurements taken in 2003 (Ackerman et al., unpublished
data); we have not identified the source of variation at
this time, although studies are in progress to improve our
understanding of dissolved gas concentrations in these
springs.
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Succession Spring

Succession Spring

0-1 m from source = 78 - 84 oC

5-6m from source = 58 - 68 oC

10 cm

Relative concentration (C/Co)

8

1.2

So

10 cm

HFO
S(-II)
Fe(ts)
As(V)
DIC
O2

0.8

0.4

0.0
0

2

4

6
8
Distance (m)

10

12

14

Figure 2. Photographs of two representative spring intervals (Succession Spring) show S and hydrous ferric oxide (HFO)
depositional zones and their relationship to changes in aqueous composition and temperature as a function of distance (m) down
gradient from the source. The relative concentrations (C/Co) of various aqueous constituents are defined as follows: S(-II), Co = 50
µM at source; FeTS, Co = 70 µM at source; As(V), Co = 75 µM AsTS at source, which is predominantly As(III); DIC, Co= 1.8 mM at
source; O2, Co = 145 µM, corresponding to O2 saturation at spring temperature and pressure.
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O2-ingassing are steep, and may provide numerous habitats
for microbial specialization.
The microbially mediated oxidation of aqueous As(III)
commences when concentrations of H2S(aq) drop below ~15 µM (Figure 2), and continues to increase down gradient
correlating with the position of Fe-rich microbial mats
(discussed below). To our knowledge, the rates of As(III)
oxidation observed in these geothermal systems (ﬁrst-order
rate constants ranging from 1-4 min-1, corresponding to
approximately 0.2-0.5 µmole . min-1 . cm-3 sediment) are the
fastest reported in any natural system (Langner et al. 2001;
Inskeep et al. 2004; Macur et al. 2004). Consequently, the
microbial communities present within these stream intervals
constitute extremely efﬁcient As(III)-oxidizing bioreactors.
For all three springs, total soluble Fe is fairly constant (±10%)
throughout the outﬂow channel and remains predominantly
as Fe(II), suggesting that the amount of Fe(II) oxidized is
small relative to the ﬂux of Fe(II) from geothermal discharge,
or that Fe(III) reduction also contributes to the observed Fe
species equilibria. Evidence for the oxidation of Fe(II) stems
primarily from the accumulation of hydrous ferric oxide
(HFO) solid phases observed in the outﬂow channels across
temperature ranges of 48-65oC, immediately adjacent to,
and just down stream of the elemental S depositional zone
(Figure 1b, c; Figure 2). To date, we have no direct evidence
that Fe(III) reduction is occurring in the HFO depositional
zone; however, the limited accumulation of HFO (<1 cm
depth in many regions) suggests that Fe(III) reduction may
be an important component of the Fe cycle in these microbial
mats.
3.1.2. Bioenergetic considerations. Chemical gradients
observed in the outﬂow channels of ASC springs result from
both abiotic and biotic processes, which deﬁne and correlate
with the distribution boundaries of speciﬁc microbial
populations. More speciﬁcally, the distribution of chemical
species as a function of distance likely selects for, and/or
results from, microbial species distribution. The relationship
among microbial species distribution and chemical processes
can also be evaluated in the context of chemical energy
availability. The amount of energy available for microbial
metabolism based on different electron donor-acceptor

Table 2. Partial list of energy-yielding (exergonic) reactions
potentially used by chemolithotrophic organisms in acidsulfate-chloride springs of Norris Basin, YNP. Exergonic
reactions (ΔGrxn <0) involving H2, H2S, So, As(III), or Fe(II)
as electron donors may represent the basis for primary
productivity in these acidic geothermal systems.

ΔGrxnb

Reactiona

Hydrogen [H2(aq)]

(kJ/ mol e -)

H2(aq) + 0.5O2(aq) = H2O

-94

H2(aq) + 0.25NO3 + 0.5H = 0.25NH4 + 0.75H2O

-64

H2(aq) + 2Fe3+ = 2Fe2+ + 2H +

-63

H2(aq) + S˚ = H2S(aq)

-16

-

+

+

Sulfur [H 2 S(aq), S )]
o

H2S(aq) + 2O2(aq) = SO42- + 2H +

-84

H2S(aq) + 0.5O2(aq) = S˚ + H2O

-78

S˚ + 1.5O2(aq) + H2O = SO4-2 + 2H +

-85

S˚ + 6 Fe(OH) 3 (s) + 10H + = 6Fe2+ + SO4-2 + 14H2O

-54

Arsenic and Fe

H3AsO3˚ + 0.5O2(aq) = H2AsO4- + H +

-61

H3AsO3˚ + 2 Fe(OH) 3 (s) + 3H = H2AsO4 + 2Fe
+ 5H2O
+

-

2+

Fe2+ + 0.25O2(aq) + H + = Fe3+ + 0.5H2O
Fe + 0.25O2(aq) + 2.5H2O = Fe(OH) (s) + 2H
2+

3

-28
-32

+

-32

Nitrogen

NH4 + + 2O2(aq) = NO3- + 2H + + H2O

-28

a
Reactions written in terms of predominant species at
spring conditions.

Predicted Gibbs free energy values (ΔGrxn) were based on
temperature corrected equilibrium constants (Amend and
Shock, 2001) and the calculated activity of each reaction
constituent (Allison et al., 1991) based on measured
concentrations.

b

combinations can be estimated from free energies of reaction
(ΔGrxn) using the expression:
ΔGrxn = ΔGorxn + RT lnQ

where ΔGorxn = temperature-adjusted standard state reaction
energy (Amend and Shock 2001), R= 8.314 JK-1mole-1, T =
absolute temperature (K), and Q is the activity quotient for
the reaction of interest. The activities of individual chemical
species were calculated using the aqueous equilibrium
model, MINTEQ (Allison et al. 1991), based on actual
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concentrations and temperatures measured in the source
pools. Numerous oxidation-reduction reactions can be
written for these systems, and only a subset (Table 2,
previous page) is discussed here to illustrate the fact that
there are many exergonic reactions that may be important
in deﬁning metabolic niches for speciﬁc microbial
populations.

~45oC. This partial list of exergonic reactions documents
the potential importance of H2, H2S, S, As(III), and Fe(II)
as electron donors for microbial growth, and illustrates
the numerous electron transfer reactions that could drive
primary productivity in these systems.
3.2 Solid Phase Geochemistry

The predominant solid
phase depositional patterns observed in these ASC springs
include (i) a region of elemental S deposition, where H2S(aq)
concentrations range from up to 100 µM at spring source
to 2-5 µM within several meters down gradient (Langner
et al. 2001); and (ii) a lower temperature zone of (HFO)
biomineralization that may demark a niche for organisms
capable of Fe and As metabolisms (Figure 1b, c, and see
below). The “yellow streamers” commonly observed in these
ASC springs are dominated by chains of rhombohedral S
intermixed with ﬁlamentous microorganisms (Figure 1d).
The solid phase is essentially pure elemental S and exhibits
an XRD pattern characteristic of crystalline S. It is not
entirely clear what role microorganisms may play in the
deposition of S, given that (i) the rates of H2S oxidation
to form S via thiosulfate disproportionation (Xu et al.
1998) are considered extremely rapid; and (ii) data from
Succession Spring suggests that S solid phases form prior
to signiﬁcant colonization by microorganisms. However,
the oxidation of H2S to S with O2 or NO3- as an electron
acceptor is certainly exergonic under these conditions and
may represent an important redox couple for microbial
metabolism (Table 2). Perhaps more importantly, the
deposition of copious amounts of S along the ﬂoor of
these acid-sulfate springs provides a readily available and
relatively stationary phase that serves as an important
surface for microbial colonization (Figure 1d). Further,
elemental S may serve as an electron donor or acceptor for
chemolithotrophs, and may be a very important electron
acceptor for chemoorganotrophs, which gain energy via
the oxidation of organic C compounds (discussed below).
3.2.1 Deposition of Elemental S.

The primary electron donors in these ASC springs,
including H2(aq), H2S(aq), So, Fe(II), As(III), and NH4, all
exhibit exergonic oxidation reactions with O2(aq) or other
relevant electron acceptors present in ASC springs (Table
2), and have been shown to support chemolithotrophic
growth in various prokaryotes. As expected, O2(aq) is
always the most favorable oxidant for each electron
donor, even near the spring source where O2(aq) is at the
measurement detection limit. The oxidation of H2 with
O2 is the most thermodynamically favorable redox couple;
however, oxidation reactions of H2 with NO3, Fe(III),
or S are also exergonic. The favorable energetics of H2
oxidation may represent an important electron donor for
microorganisms in many YNP springs (Spear and Pace
2004; Spear et al. this publication). The oxidation reactions
of reduced S species [H2S(aq), So] are also highly exergonic
under these conditions, and may be very important sources
of primary productivity in the S depositional zone. The
dissolved gas species such as H2S(aq) generally decline
rapidly down gradient (e.g., Figure 2); consequently,
their importance as electron donors is likely limited to
locations closer to the source. The oxidation of As(III)
is also highly favorable under these conditions and may
serve as an important source of electrons for certain
chemolithotrophic microorganisms (Santini et al. 2000,
2002; Oremland 2004). These springs also contain
abundant quantities of dissolved Fe(II), and the oxidation
of Fe2+ to either Fe3+ or to Fe(OH)3 (solid phase) is highly
favorable in these systems (Table 2). Certainly, the evidence
of HFO formation down gradient of S deposition (Figure
1b, c, f; Figure 2) suggests that organisms capable of
utilizing Fe(II) are important members of these microbial
communities. Finally, the oxidation of NH4 to NO3 is also
favorable under these conditions (Table 2); however, we
have never measured signiﬁcant changes in either NH4
or NO3 within the outﬂow channels to temperatures of

Coincident with
a decline in dissolved H2S due to degassing and oxidation
to S, these ASC springs consistently exhibit an abrupt
geochemical transition to an As(III)- and Fe(II)-oxidizing
environment several meters down gradient (Figure 1b, c;

3.2.2 Deposition of Hydrous Ferric Oxide.

Geomicrobiology of Acid-Sulfate-Chloride Springs in Yellowstone

d(As-O)=1.68 Å
d(As-Fe)
= 3.33 Å

d(As-O) = 1.68 Å
d(As-Fe) = 3.33 Å

d(As-Fe) = 2.82 Å

d(As-Fe)=2.82 Å

d(As-O) = 1.68 Å

d(Fe-O) = 1.9 to 2.1 Å, disorder in Fe-Fe

d(Fe-O)=1.9-2.1 Å, disorder in Fe-Fe
shellshells

Figure 3. Chemical structure of biomineralized As(V)-HFO phase deposited in Fe microbial mats of Dragon, Beowulf and Succession
Springs as determined using x-ray absorption spectroscopy (Inskeep et al., 2004) [Red = Oxygen, Green = Fe(III), Blue = As(V)].
The spectral data support primarily the bidentate, binuclear arsenate surface complex shown with As-Fe distances of 3.33 Å. The
disordered HFO phase is characterized by inconsistent Fe-O and Fe-Fe distances that would normally be observable in ordered Fe
hydroxide phases.

Figure 2). Depending on the spring, the Fe depositional

zones span temperatures from 45-65°C. The rust-colored
solid phases have been characterized using a complement
of techniques including total chemical dissolution, XRD,
SEM/EDS, transmission electron microscopy coupled
with energy loss spectroscopy (TEM/EELS), XANES,
and EXAFS. These studies (Langner et al. 2001; Inskeep
et al. 2004) have documented that:
• The chemical composition of Fe microbial mats reveal
high As contents of 0.6-0.7 moles As per mole of Fe,
which are among the highest As contents found in
naturally occurring As-Fe-rich deposits observed in
hydrothermal vents and acid-mine drainage (LeBlanc et
al. 1996; Pichler et al. 1999; Morin et al. 2004)
• The Fe solid phases are nearly entirely composed of
Fe(III) and As(V) valence states as determined using
XANES (Inskeep et al., 2004). Furthermore, the
chemical structural information available from EXAFS
conﬁrms that As(V) is sorbed to poorly-ordered
Fe(III)-OH octahedral structures (Figure 3). The HFO
phases show typical XRD patterns for high As(V)HFO phases (Waychunas et al. 1993,1995; Carlson et
al. 2002; Rancourt et al. 2001) with two broad Bragg
peaks at 0.31 and 0.15 nm, respectively (Inskeep et al.

2004). These solid phases do not show any diffraction
to electrons, again indicating the poorly-ordered nature
of repeating Fe-OH octahedral units, perhaps in part
caused by the high sorption densities of arsenate, which
likely inhibit crystal growth (Waychunas et al. 1993;
Manceau 1995).
• The mechanism of formation of As(V)-HFO mats is
primarily biotic, where oxidation of Fe and subsequent
nucleation and growth of Fe solid phase occurs just
external to, or on the cell wall of, microorganisms.
Scanning and transmission electron microscopy
consistently show that the As(V)-HFO phases form as
sheaths and encrustations around cells, often forming
1-2 µm-thick tubules and spindles of As(V)-HFO
around microbial ﬁlaments (Figure 1h-k). Optical
microscopy also conﬁrms the laminar appearance
of these mats, where microbial ﬁlaments encrusted
with HFO are the primary structural units and are
consistently oriented in the direction of water ﬂow
(Figure 1g).
3.2.3 Summary of Acid-Sulfate-Chloride Spring Geochemistry.

The predominant solid phases forming in the outﬂow
channels of these types of ASC springs include elemental
S and As(V)-HFO. Microorganisms either play a central
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role in the formation of these solid phases, as is shown for
the HFO mats, or may colonize surfaces of these phases
for metabolic reasons. The speciﬁc relationships among
aqueous chemistry, solid phase geochemistry, and microbial
metabolism are the very linkages that we are interested
in exploring and deﬁning. Even in these relatively simple
geochemical systems, a complex set of abiotic and biotic
processes are responsible for deﬁning the solid phases and
predominant colors observed along the outﬂow channels
(Figure 4).
3.3 Microbiology

Our research on the distribution of microbial populations
in these ASC springs is an ongoing effort, continuing from
initial molecular surveys that examined the occurrence
of PCR-cloned 16S rDNA sequences as a function of
distance, geochemistry, and temperature in the outﬂow
channels of these springs ( Jackson et al. 2001; Inskeep et
al. 2004; Macur et al. 2004). Our ﬁndings suggest that in
some cases similar patterns of sequence distribution are
indeed observed among the three springs studied to date.
However, there are interesting differences in the apparent
populations identiﬁed among the three springs; and
furthermore, there are observable differences in sequence
distribution across spatial and temperature gradients
within a given spring. In some cases, the differences in 16S
rDNA sequences observed across the three springs appear
to correlate with signiﬁcant differences in source water
temperature, although our current efforts are also examining
the importance of chemical gradients as potential selective
forces for population distribution. A summary of the
predominant sequences identiﬁed in the various regions of
these springs is provided in Table 3, along with the possible
biogeochemical processes mediated by these microbial
populations. The suggested biogeochemical activities
of the organisms represented by these cloned sequences
are inferred from known physiological traits of very
phylogenetically similar organisms that have been isolated
and characterized. This same information has guided our
efforts to cultivate microorganisms from these springs,
which can then be used to test hypotheses regarding
microbial contributions to speciﬁc biogeochemical features
observed in situ (Donohoe-Christiansen et al. 2004, and

Figure 4. A scanning electron microscope image of
Hydrogenobaculum, strain H55, isolated from Dragon Spring
in As(III)-oxidizing enrichments using H2 as the sole energy
source and CO2 as the sole carbon source.

see below). These goals are part of a currently funded
NSF Microbial Observatory on chemolithotrophs of acidsulfate-chloride springs in Norris Basin.
3.3.1 Dragon Spring. Our ﬁrst description of the diversity
of microorganisms inhabiting different geochemical zones
of ASC springs was performed on samples taken from the
S and Fe deposition zones of Dragon Spring ( Jackson et
al. 2001). Clone libraries generated from PCR-ampliﬁed
archaeal and bacterial 16S rDNA revealed two dominant
bacterial groups in these regions, comprised primarily of
Hydrogenobaculum- and Desulfurella-like organisms (Table
3). Of 96 bacterial clones evaluated, approximately 80%
were Hydrogenobaculum-like and 20% Desulfurella-like
( Jackson et al. 2001). The Hydrogenobaculum-like clones
comprise numerous phylotypes that cluster distinctly with
cultured and characterized species of Hydrogenobaculum,
but that display as much as 4% sequence divergence. The
diversity of Hydrogenobaculum-like sequences observed
in Dragon Spring was the ﬁrst evidence to suggest that
these ASC springs may contain numerous highly-related
(16S) Hydrogenobaculum organisms, perhaps specialized to
different microenvironments or temperatures within the
outﬂow channels. Other sequences detected in the HFO
zone represented organisms related to Meiothermus and
Acidimicrobium sp. In addition, the HFO mat samples
exhibited a diverse group of archaeal clones with 16S
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Table 3. Summary of closest cultivated relatives (GenBank) of 16S rDNA sequences distributed across different solid phase depositional
zones and temperatures of three different acid-sulfate-chloride geothermal springs.

Zone

So

Closest Cultivated
GenBank Relatives1

%
Similarity2

Dragon
(Source = 62-64 oC)

Succession
(Source = 78-84 oC)
78-84 oC, 0-1 m
78-84 oC, 0-1 m
78-84 oC, 0-1 m
65-75 oC, 2-4 m

Beowulf Spring
(Source = 75-82 oC)

Stygiolobus sp.
Thermocladium sp
Caldococcus sp
Caldisphaera sp
Thermocaldium sp.

96%
97%
99 %
96 %
97%

H2 + So
OC + So
OC + So
OC + So
OC + So

Not found
Not found
Not found

Hydrogenobaculum sp.

97%

[H2, H2S, So,
and/ or As(III)] + O2

58-60 oC

62-80 oC, 2-4 m

OC + [So, SO4]

58-60 oC

not found

[As(III), So] + O2
OC + [So, SO4]

50-55 oC
50-55 oC

50-65 oC, 4-12 m
not found

Not found
Not found

Fe(II) + O2

50-55 oC

48-55 oC, 12 m

58 oC

Desulfurella sp.

Hydrogenobaculum sp.
Desulfurella sp.
Acidimicrobium sp.

As(V)HFO

Possible Metabolism3
(e- donor/acceptor)

97%
97%
-

S zones
not sampled

Metallosphaera
Thiomonas

98%
98.1%

Fe(II) + O2
[Fe(II), As(III)] + O2

not found
not found

55-65 oC, 8 m
48-55 oC, 12 m

64 oC
58 oC

Meiothermus sp.
Marinithermus sp.

90.1%

OC + [(Fe(III), O2]
OC + [(Fe(III), O2]

50-55 oC
-

52-55 oC, 12 m

52-55 oC

Multiple clones whose
closest relatives are
uncultured archaeal and
bacterial sequences

< 90%

Not possible to infer
function, but all
closely related clones
are from thermophilic
habitats

52 oC : Archaeal
clones: A1, A6,
A9, A10, A13, A14

60-65 oC: Archaeal
clones: BG2,
BG11;
Bacterial clones:
BG12, B14

58-65 oC:
Archaeal clones:
BG1, BG2, BG9,
BG11, BG18,
BG20; Bacterial
clones = BG12,
B14

Closest cultivated relatives of 16S rDNA sequences identified in different ASC springs as determined using Blast searches (Altschul
et al., 1997). GenBank Accession numbers are provided in Jackson et al., 2001; Inskeep et al, 2004; Macur et al., 2004.
2
In many cases, percent similarities represent averages of several closely related clones.
3
Possible metabolisms are suggested based on knowledge of spring geochemistry and known physiology of isolates (OC = organic
carbon).
1

rDNA sequences that were all <95% similar (averaged 89%
sequence similarity across all clones) to nearest relatives in
GenBank ( Jackson et al. 2001).
3.3.2 Succession Spring. We

have also described the spatial
and temporal dynamics of microbial sequence distribution
during spring colonization and mat establishment in a small
ASC spring referred to as Succession Spring (Figure 2)
that was redirected and sampled intensively for 100 days to

observe relationships among geochemical transformations
and microbial colonization (Macur et al. 2004). Several
observations from Succession Spring conﬁrmed patterns
of 16S rDNA sequence distribution in S and Fe deposition
zones; however, additional insight and interpretation was
possible by correlating the appearance of microbial 16S
rDNA sequences coincident with changes in aqueous and
solid phase geochemistry. For example, Hydrogenobaculum-
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like sequences were common again in the S deposition
zone (Table 3) and were shown to correlate with the onset
of As(III) oxidation two days after spring redirection
(Macur et al. 2004). Several different Hydrogenobaculumlike sequences were consistently observed at distinct
temperatures within the 55-75oC region, suggesting
specialization to different temperature and/or geochemical
environments. Microbial populations corresponding to
the onset of HFO mat formation included Thiomonas-,
Metallosphaera-, Acidimicrobium-, and Marinithermuslike organisms (Table 3). Although Hydrogenobaculumlike sequences were noted in some portions of the HFO
mat, they were not associated with the onset of HFO
deposition.
Source water temperatures in Succession Spring were
notably higher than Dragon Spring, ranging from 7884oC over the study period. In the high temperature
regions (0-2 m), we consistently observed 16S rDNA
sequences corresponding to Stygiolobus, Caldococcus and
Thermocladium-like organisms (Table 3). Cultivated nearrelatives of organisms represented by these sequences have
all been shown to utilize S as an electron acceptor (Itoh et
al. 1998), and in the case of Stygiolobus azoricus, the primary
mode of metabolism is based on hydrogen oxidation
coupled to reduction of S to form aqueous H2S [H+ + So
= H2S(aq)] (Segerer et al. 1991). These hyperthermophilic
organisms appear to be important where S and H2(g) are
both readily available, and temperatures are >75oC. This
may explain the absence of such sequences in Dragon
Spring, where source water temperatures were considerably
lower at 63-70oC.
3.3.3 Beowulf Spring. The HFO mats of Beowulf Spring
also harbor a diverse group of microbial populations,
and exhibit signiﬁcant shifts in community structure
across changes in temperature and mat depths (Inskeep
et al. 2004). Several novel (<90% similarity to cultured
organisms) archaeal sequences (e.g., BG1 and BG11)
were observed in HFO mats sampled at temperatures
ranging from 55-65oC. Close relatives of BG1 and BG11
are uncultured clones, also recovered from thermophilic
habitats (Inskeep et al. 2004). Consequently, there are
several novel organisms present in the Fe mats of Beowulf

Spring, and although the metabolisms of these organisms
cannot be inferred with much conﬁdence, it is likely that
their metabolism is in some way coupled to Fe cycling.
Metallosphaera-like organisms were consistently detected
in warmer regions of HFO deposition (65oC), followed
by Thiomonas-like and Acidimicrobium-like organisms
at temperatures ranging from 55-57oC. Isolates of
Acidimicrobium sp., Metallosphaera sp., and Thiomonas sp.
are capable of utilizing Fe(II) as an electron donor (Fuchs
et al. 1995; Peeples and Kelly 1995; Clark and Norris
1996), and it has been recently shown that some Thiomonas
sp. isolated from an acid-mine drainage system are capable
of oxidizing As(III), though apparently not for energy
generation (Bruneel et al. 2003). As temperatures drop to
51-53oC, the Fe mats in these particular springs are often
notably thinner, darker, and more brittle; the dominant
DGGE bands identiﬁed in these regions were most
closely related to a Marinithermus sp. (Sako et al. 2003),
although only at 90% similarity. Future efforts will focus
on more deﬁnitive identiﬁcation and characterization of
these organisms and their role in Fe and or As cycling.
4.0 THE IMPORTANCE OF MICROORGANISM ISOLATION IN GEOCHMICAL CYLING

Our cultivation efforts are aimed primarily at obtaining
organisms that can be used to characterize and model
biogeochemical reactions observed in situ. For example,
initial 16S rDNA cloning work with mat samples from
Dragon Spring suggested that Hydrogenobaculum-like
populations were playing an important role in mediating
observed As(III) oxidation. Consequently, several
enrichment cultures were established that reﬂected the
known physiology of characterized hydrogenobacula (i.e.,
different headspace gas combinations) and screened for
their ability to oxidize As(III) (Donahoe-Christensen
et al. 2004). The only cultures which oxidized As(III)
contained H2 as an energy source, microaerobic levels
of oxygen (~1% O2), and CO2 as a sole C source. With
repeated transfers followed by dilution to extinction,
a pure culture of a Hydrogenobaculum acidophilum-like
organism (strain H55; Figure 4) was obtained and shown
to utilize H2 as an electron donor while oxidizing As(III).
In this case, the oxidation of As(III) was apparently for
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detoxiﬁcation purposes, as we were unable to demonstrate
chemolithotrophic growth on As(III). Hydrogenobaculum
spp. thus far isolated and characterized are known to
require H2 for growth (Shima and Suzuki 1993; Eder
and Huber 2002; Donahoe-Christiansen 2004), but the
oxidization of As(III) was an important ﬁnding in that it
linked these populations with observed As(III) oxidation
in situ. Further, the pH and temperature optimum for H55
(pH 3.5, 55°C) corresponded to the in situ conditions from
where it was isolated (Donahoe-Christiansen et al. 2004).
In addition, the full-length 16S rDNA sequence of H55
was a perfect match to one of the PCR-cloned sequences
derived from this location.
Isolate H55 proved useful for further examining the
relationship between dissolved sulﬁde and As(III) oxidation.
Previous geochemical characterization of Dragon Spring
showed that As(III) oxidation was negatively correlated
with aqueous sulﬁde concentration (Langner et al. 2001).
Clone libraries from Jackson et al. (2001) suggested that
H55 was also present in the S deposition zone where
dissolved sulﬁde concentrations are high (> 5 µM), but
where As(III) oxidation is not observed in situ (Langner et

al. 2001). To investigate the potential affects of dissolved
sulﬁde on microbial As(III) oxidation, H55 was grown
under microaerobic conditions at H2S:As(III) ratios (60
µM:30 µM) similar to that measured in situ (Langner et
al. 2001). Normal oxidation patterns were observed in
cultures not treated with H2S, but the presence of H2S
completely inhibited As(III) oxidation by H55 (Figure
5). Furthermore, the addition of an equivalent sulﬁde
concentration as a spike midway through the experiment
caused an immediate arrest of As(III) oxidation (Figure
5). In contrast, non-inoculated controls failed to show
any As(III) oxidation nor any reduction of As(V) due to
H2S. In additional experiments where As chemical species
were tracked for longer time periods, sulﬁde-induced
As(V) reduction was slow under microaerobic conditions,
requiring ﬁve days for approximately 50% reduction.
Under anaerobic conditions, roughly 75% of the As(V) was
reduced after only 48 hours (data not shown), approaching
As(V) reduction rates observed in other studies at low pH
(Rochette et al. 2000). From these results, it was concluded
that the primary effect of aqueous sulﬁde was to act as an
inhibitor of microbially mediated As(III) oxidation. This is
consistent with stream measurements showing that, while
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Figure 5. Inﬂuence of aqueous sulﬁde on As(III) oxidation by Hydrogenobaculum strain H55. A. As(III) oxidation in cultures where
sulfide was omitted ( ), added at the beginning of the experiment (), or as a spike (indicated by arrow) after 2 hrs incubation ().
Additional controls included non-inoculated medium containing 30 µM As(III) ( ), or 30 µM As(V) plus 60 µM aqueous sulfide (). B.
Abiotic reduction of 30 µM As(V) by 60 µM H2S under microaerobic ( ) and anaerobic () conditions. Controls included microaerobic
() and anaerobic ( ) treatments containing 30 µM As(V) but no sulfide. Error bars (where visible) depict one standard error of the
mean of triplicate samples.
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As(III) oxidation is energetically favorable under spring
conditions (Table 2), it does not commence until dissolved
sulﬁde concentrations drop below ~5 µM (Figure 2).
The isolation of H55 also allowed us to examine similar
questions regarding the relative importance of abiotic
oxidation of As(III) via amorphous Fe(III) oxide, compared
to enzyme catalyzed oxidation. The occurrence of HFO
in the microbial mat used to isolate H55 is coincident
with signiﬁcant As(III) oxidation in the native spring,
consequently, it is important to establish whether abiotic
oxidation reactions with Fe(III) acting as an oxidant are
comparable to those carried out by organisms such as
H55. We found no effect of Fe(III) on As(III) oxidation
in uninoculated controls, and there was no statistically
signiﬁcant inﬂuence of Fe(III) on As(III) oxidation in
H55 cultures (ANOVA, P = 0.05); however, the addition
of Fe(III) increased the variability in As(III) oxidation
(Figure 6). These experiments extended beyond, but were
consistent with, previous in-ﬁeld assays (containing HFO
microbial mats) showing that killed (formaldehyde-treated)
samples failed to oxidize As(III) during short assays (~10
min). We conclude that Fe(III) in this mat does not appear
to contribute signiﬁcantly to measured As(III) oxidation
rates relative to those catalyzed by Hydrogenobaculum H55
or other similarly behaving microorganisms.
5.0 COMPLEX SYSTEMS: CONCEPTUAL MODELS
AND BIOLOGICAL NETWORKS

The ASC thermal springs of Norris Basin provide an
interesting example of the dynamic interplay among
geochemical processes and microbial species distribution
(Newman and Banﬁeld 2002; Reysenbach and Shock
2002). A suite of possible chemical and biological processes
including degassing, precipitation, and oxidation-reduction
reactions deﬁne the concentration proﬁles of reduced and
oxidized chemical species throughout the spring outﬂow
channels. Development of conceptual models describing the
ﬂux of electron donors and acceptors in ASC springs must
include simultaneous consideration of purely physiochemical
processes such as air-water gas exchange rates as well as the
metabolic activities of microbial populations distributed
throughout the outﬂow channels (Figure 7). Disappearance

proﬁles of H2S and CO2 (Figure 2) illustrate the steep
chemical gradients that may arise primarily due to the
physiochemical processes controlling degassing (pH, ﬂow
rate, water surface area, turbulence, etc.). Simultaneously, the
rapid microbial oxidation of As(III) provides an example of
the important contribution by biota in controlling observed
geochemistry. Clearly, the thermodynamic favorability of
speciﬁc chemical reactions is an important consideration
(i.e., Table 2); however, the relative rates of chemical versus
biological processes will be important in deﬁning the
geochemical energy sources useful to microorganisms in
ASC springs. For example, the mechanisms controlling S
deposition and removal include contributions from both
abiotic and biotic processes such as:
• degassing of dissolved sulﬁde [H2S(aq)] to the atmosphere;
• chemical precipitation of S via oxidation of dissolved
sulﬁde [H2S(aq)] in the source waters;
• biomineralization of S via H2S oxidizing microorganisms;
• formation of H2S via microorganisms capable of
utilizing S as an electron acceptor; and
• hydrologic removal of S as suspended particulates and
re-deposition downstream.
100

% As (III) oxidized
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H55/Fe(III) H55

Fe(III)
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Figure 6. The effect of Fe(III) on As(III) oxidation in the
presence and absence of Hydrogenobaculum strain H55. Error
bars depict one standard error of the mean of triplicate
observations.
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Figure 7. Diagrammatic conceptual model of major processes defining the geochemistry and associated microbial populations of
acid-sulfate-chloride springs of Norris Basin, YNP.

Ultimately, the relative rates of these competitive
reactions will deﬁne the amount of elemental S at any
given distance from geothermal discharge. Moreover, the
relative importance of each reaction may vary temporally
as we have visually noted ﬂuctuations in the amount of
S deposition in springs like Dragon Spring (unpublished
data).
Similarly, an exhaustive set of chemical and biological
oxidation and reduction reactions of As and Fe can be
envisioned in deﬁning the deposition of As(V)-HFO
(Figure 7). Speciﬁcally, the depth of HFO microbial mat
accumulation is likely a function of the relative rates of
HFO biomineralization via Fe(II)-oxidizing organisms
(i.e., formation) versus the reductive dissolution of

Fe(OH)3-like phases via Fe(III)-reducing organisms
(i.e., consumption). Abiotic, chemical precipitation rates
of HFO phases in low pH, Fe(II) solutions are slow
compared to the residence times in these ASC springs
(Nordstrom and Southam 1997). Consequently, it appears
that the rates of biomineralization are linked directly
with the growth and activities of particular members of
the microbial community. Several of the 16S rDNA
sequences retrieved from HFO mats (Figure 7) represent
organisms phylogenetically similar (96-98% similarity) to
known Fe(II) oxidizers. However, it is highly likely that
members of this community are also utilizing Fe(OH)3 as
an electron acceptor ( Johnson et al. 2003). The deposition
of HFO in these ASC springs is consistently located just
downstream of the S deposition zone where there is less
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than 2 µM H2S. Consequently, the rate and location of
HFO deposition is in part linked to the rate of degassing
and consumption of H2S. The extent and location of HFO
deposition may also be regulated by temperature optima of
relevant microorganisms responsible for Fe(II) oxidation.
Finally, the dynamics between Fe(II)-oxidizing and
Fe(III)-reducing populations likely play an important role
in deﬁning HFO mat thickness as a function of time and
space. Current investigations are aimed at sorting through
these possibilities.
6.0 SUMMARY OF CURRENT KNOWLEDGE BASE

Our initial characterization of microbial community
structure in ASC springs as a function of temperature and
geochemistry has revealed apparent patterns of population
distribution that are consistent with the aforementioned
hypotheses that different microorganisms are adapted to
speciﬁc conditions observed throughout the outﬂow channels.
These ﬁrst-generation studies suggest that speciﬁc
populations are linked with observed biogeochemical
processes. Numerous novel organisms have been identiﬁed,
and several are current targets of isolation efforts aimed
at obtaining pure cultures that in turn will provide
opportunities for deﬁning their metabolic capabilities
and speciﬁc contribution(s) to geochemical cycling.
Longer term, we hope to provide a more quantitative and
integrated structure-function model where the rates of
important abiotic and biotic reactions are understood, and
the oxidation-reduction reactions of interest are linked to
the activity of speciﬁc microbial populations.
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