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Abstract

We studied the role of microbial photosynthesis in the oxidation of Fe(II) to Fe(III) in a high Fe(II) and high Mn(II) hot
spring devoid of sulfide and atmospheric oxygen in the source waters. In situ light and dark microelectrode measurements of
Fe(II), Mn(II) and O2 were made in the microbial mat consisting of cyanobacteria and anoxygenic photosynthetic Chlorofl-

exus sp. We show that Fe(II) oxidation occurred when the mat was exposed to varying intensities of sunlight but not near
infrared light. We did not observe any Mn(II) oxidation under any light or dark condition over the pH range 5–7. We
observed the impact of oxygenic photosynthesis on Fe(II) oxidation, distinct from the influence of atmospheric O2 and anoxy-
genic photosynthesis. In situ Fe(II) oxidation rates in the mats and cell suspensions exposed to light are consistent with abiotic
oxidation by O2. The oxidation of Fe(II) to form primary Fe(III) phases contributed to banded iron-formations (BIFs) during
the Precambrian. Both oxygenic photosynthesis, which produces O2 as an oxidizing waste product, and anoxygenic photosyn-
thesis in which Fe(II) is used to fix CO2 have been proposed as Fe(II) oxidation mechanisms. Although we do not know the
specific mechanisms responsible for all Precambrian Fe(II) oxidation, we assessed the relative importance of both mechanisms
in this modern hot spring environment. In this environment, cyanobacterial oxygen production accounted for all the observed
Fe(II) oxidation. The rate data indicate that a modest population of cyanobacteria could have mediated sufficient Fe(II) oxi-
dation for some BIFs.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

We studied the role of photosynthesis in the oxidation of
Fe(II) in a hot spring associated with a growing iron depos-
it. High iron environments near neutral pH, which are ex-
posed to light and not dominated by atmospheric oxygen
are rare on Earth today. The mats we studied were at the
source waters of an anoxic spring and, for a limited distance
from the source, provided such an environment devoid of
atmospheric oxygen. Our studies were designed to deter-
mine the activities of iron-tolerant phototrophs in a high
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iron natural setting. We measured parameters that could
have implications for the biogeochemistry of iron(II) oxida-
tion on an ancient Earth lacking an oxic atmosphere.

1.1. Study context

Banded iron-formations (BIFs) are massive deposits of
iron minerals which formed between 3.8 and 0.8 Ga with
a major deposition period from 2.8 to 1.8 Ga (Klein and
Beukes, 1992). The average iron oxidation state of several
of these formations is +2.4 (Klein and Beukes, 1992). The
source of Fe(III) in early iron deposits is unknown. The
mechanism of oxidation of Fe(II) to Fe(III) prior to an oxic
atmosphere is the subject of much speculation. Several
hypotheses have been proposed, including abiotic oxidation
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by the higher UV fluxes in the Precambrian (Cairns-Smith,
1978; Braterman et al., 1983; François, 1986; Anbar and
Holland, 1992) or by O2 produced abiotically in the atmo-
sphere (Berkner and Marshall, 1964; Brinkman, 1969;
Towe, 1978). Three biological processes have been pro-
posed. Direct chemotrophic oxidation of Fe(II) by iron-oxi-
dizing bacteria which presumably used oxygen produced
abiotically or by early cyanobacterial photosynthesis as
an electron acceptor for respiration (Holm, 1987; Emerson
and Revsbech, 1994a,b). Archean and Proterozoic photo-
trophs could have oxidized the Fe(II) and deposited Fe(III)
minerals by two different photosynthetic mechanisms: (1)
indirectly with oxygenic photosynthesis in which water is
used as a reductant for CO2 fixation and oxygen is pro-
duced as a waste product; or (2) directly with anoxygenic
photosynthesis in which Fe(II) is used as a reductant for
CO2 fixation (photoferrotrophy). Note that the indirect
photosynthetic mechanism biologically produces molecular
oxygen which functions as the oxidant for Fe(II) oxidation.
The actual oxidation process of the Fe(II) by the oxygen is
abiotic. When we discuss the oxidation of Fe(II) by oxygen
produced by cyanobacteria, we will describe the oxidation
as abiotic.

Preston Cloud (1965, 1973) proposed that the appear-
ance of the first ancestors of modern cyanobacteria capable
of oxygenic photosynthesis were responsible for the early
oxidation of iron in shallow ocean basins. Presumably all
of the oxygen produced by these ancestral cyanobacteria
was consumed by oxidizing soluble Fe(II) and other re-
duced substances. With an abundance of reduced iron, no
oxygen accumulated, and the water remained anoxic with
a low redox state. The oxidation of iron was thus a chemi-
cal process, the oxygen being provided by cyanobacterial
photosynthesis (Cloud, 1973; Schopf, 1993; Brocks et al.,
1999; Des Marais, 2000). The oxidized iron precipitated ini-
tially as hydrated, amorphous primary Fe(III) phases which
re-crystallized during diagenesis (Klein, 2005). Anaerobic
iron-reducing bacteria possibly contributed to the forma-
tion of magnetite (Lovley et al., 1987; Nealson and Myers,
1990; Konhauser et al., 2005). The accumulations of the
precipitated minerals occurred in anoxic depths well below
the photic zone (Klein, 2005). As cyanobacteria increased in
abundance and much of the reduced iron was consumed,
oxygen accumulated, ultimately producing an oxic atmo-
sphere (Cloud, 1973). The oxygenation of the atmosphere
is likely to have proceeded with much more complexity with
several changes due to different forces occurring over time
(Holland, 2006; Kasting, 2006).

Recent recognition of the ability of anoxygenic photo-
synthetic bacteria (both green and purple bacteria) to oxi-
dize Fe(II) directly (Widdel et al., 1993; Ehrenreich and
Widdel, 1994; Heising et al., 1999) supports speculation
that oxidized iron in BIFs could have been produced by
ancestral photoferrotrophs in the absence of molecular oxy-
gen (Hartman, 1982; Kump, 1993; Pierson, 1994; Konhaus-
er et al., 2002). Such organisms could have contributed
oxidized iron to BIFs before the process of cyanobacterial
oxygen production had evolved. The appearance of oxi-
dized iron in an otherwise anoxic world is therefore not nec-
essarily evidence for oxygenic photosynthesis. Evidence
from some BIFs (Beukes, 2004; Tice and Lowe, 2004) and
studies with purple bacteria (Kappler and Newman, 2004)
support this interpretation.

Some theories about the evolution of photosynthesis in-
clude photoferrotrophy as a probable evolutionary step in
the development of oxygenic photosynthetic capability in
ancestral cyanobacteria (Pierson and Olson, 1989; Pierson,
1994; Olson and Blankenship, 2004; Olson, 2006). Some ex-
tant cyanobacteria may also oxidize iron directly without
oxygen production (Cohen, 1984; Pierson et al., 1999; Ol-
son, 2006). Direct anoxygenic oxidation of iron by ancestral
cyanobacteria may have been pervasive in the Precambrian.
Furthermore a common ancestor to both proteobacteria
and cyanobacteria may have been a photoferrotroph (Ol-
son and Blankenship, 2004). Ancestral organisms such as
these, that are not known today, may have contributed sub-
stantially to BIFs.

We can only speculate about which kinds of early photo-
trophic microbes dominated Precambrian environments.
The relative importance of each process discussed above
in the formation of BIFs is unknown. It is likely that no sin-
gle mechanism completely explains the deposition of all
BIFs or even any particular formation. Even slight changes
in environmental conditions such as light quality and inten-
sity, pH, and redox state are particularly relevant to iron(II)
oxidation by both abiotic and biotic processes. The proxim-
ity of the microbial populations and the depth of the Fe(II)
source are also important. Such changes occurring locally
within a basin, between different basins, and over time
(even short seasonal periods of time) could favor one mech-
anism over another. Depending on conditions, several dif-
ferent mechanisms could operate simultaneously in the
same environment, just as occurs in many environments
on Earth today. It is very difficult to reconstruct the details
of the depositional environment for most BIFs (Klein,
2005) let alone detect evidence for local spatial and tempo-
ral variations in environmental conditions that would have
had an impact on a microbial scale.

1.2. Study site

The mats we studied in Chocolate Pots Hot Springs in
Yellowstone National Park are a natural and diverse micro-
bial ecosystem with both oxygenic and anoxygenic photo-
trophs. These springs provide a single high iron
environment in which to quantitatively assess the contribu-
tion of both anoxygenic (direct) and oxygenic (indirect)
photosynthetic processes to iron(II) oxidation under natu-
ral conditions (Pierson et al., 1999; Pierson and Parenteau,
2000). Our studies in situ permitted assessment of the natu-
ral biological capacity for Fe(II) oxidation in an environ-
ment in which iron tolerant photosynthetic bacteria were
constantly exposed to high concentrations of Fe(II) similar
to estimated Precambrian ocean values (Klein, 2005).

In Chocolate Pots Hot Springs the water at the highest
temperature sources (50–54 �C) is anoxic, lacks sulfide,
and is high in Fe(II) and Mn(II). The mats at the sources
remain anoxic except when doing oxygenic photosynthesis.
Most other anoxic environments exposed to sunlight (hot
springs, stratified lakes, marine basins, and marine micro-
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bial mats) are rarely high in dissolved Fe(II) and often expe-
rience large pH fluctuations and high sulfide concentrations
(Revsbech and Ward, 1984; Castenholz et al., 1990; Des
Marais, 1995; Wieland et al., 2005). Since sulfide reacts with
oxygen and iron, it is necessary to study an environment de-
void of H2S/HS�. The hot springs at Chocolate Pots are
not depositional analogues for BIFs. However, the mats
in these springs are suitable models for studying the biogeo-
chemical process of Fe(II) oxidation mediated by microbial
photosynthesis as it might have occurred in some marine
environments including mats or ocean waters in the
Precambrian.

The investigations included analysis of the microbial
mat composition, in situ microelectrode measurements,
and closed-system incubation experiments using cell sus-
pensions prepared from homogenized mat. With the
in situ measurements, the effects of sunlight intensity
and quality on microbial Fe(II) oxidation were analyzed,
and we measured the cyanobacterial oxygen production
capacity in a natural environment exposed to high Fe(II).
The closed-system experiments estimated the total Fe(II)
oxidation rate on a cellular basis and compared cellular
rates of iron(II) oxidation under different conditions.
We quantified the cyanobacterial oxidation activity rela-
tive to iron(II) oxidation requirements for formation of
BIFs and compared it to rates obtained for anoxygenic
phototrophs and chemotrophic bacteria (Konhauser
et al., 2002).

2. MATERIAL AND METHODS

2.1. In situ measurements

A needle-like glass solid state voltammetric gold amal-
gam (Au/Hg) working microelectrode (Brendel and Luther,
1995; Luther et al., 1999) along with a solid state Ag or Ag/
AgCl reference and Pt counter electrode was coupled to a
DLK-100A AIS Inc. electrochemical analyzer. The elec-
trodes were made waterproof as described in Luther et al.
(2001). This three electrode system allowed for simulta-
neous in situ quantitative analysis of dissolved O2, H2O2,
H2S, thiosulfate, Fe(II), Mn(II), polysulfides and qualita-
tive analysis of Fe(III) and soluble FeS clusters. The work-
ing electrode was constructed from 100 lm gold wire and
encased in borosilicate glass with a total diameter of gold
and glass near 200 lm. The glass was drawn by a glass
blower and was symmetrical around the long axis. This
diameter is sufficient to probe the mat as we did not see
any problems with any experiments conducted in the light,
in IR light or in the dark; i.e. no atmospheric O2 was added
across the air–water and water–mat interface to oxidize the
Fe(II). The shape of the profiles and the in situ kinetic mat
experiments clearly indicate that the electrode’s tip size was
not a problem.

Current versus concentration standard curves were ob-
tained at the mat temperature with standards for each
chemical species as per Brendel and Luther (1995),
Luther et al. (2002) and Luther et al. (in press) and were
then used to calculate the in situ concentrations of Fe(II),
Mn(II) and oxygen. The typical operating mode was cyc-
lic voltammetry (CV) or linear sweep voltammetry (LSV)
at a scan rate of 1000 mV s�1 over the potential range of
�0.1 to �1.8 to �0.1 V. Before scanning, a conditioning
step was applied at �1.0 V for 2–5 s followed by a sec-
ond conditioning step at �0.1 V for 2 s. The first condi-
tioning step removes any Mn(II), Fe(II), Fe(III) or sulfide
that may be present from the Au/Hg surface. The detec-
tion limits for O2, Fe(II) and Mn(II) are 3 lM at these
temperatures and operating conditions. For peaks that
are near in potential we used commercial software as in
Brendel and Luther (1995) or the voltammetry manufac-
turer’s advanced analysis package to discriminate and
quantify peaks. Taking the derivative of the CV or
LSV voltammograms also provides peak and baseline
information for quantification.

The microelectrode (Fig. 1a) was mounted on a manu-
ally operated micromanipulator in 2002 (0.1 mm incre-
ments) and a remotely controlled micromanipulator in
2003 and 2004, which enabled high resolution profiling
(up to 0.05 mm increments). Three to five cyclic voltammo-
gram or linear sweep scans were recorded at each depth.
During the experiments, the natural light regime was
manipulated by positioning an aluminum tripod with a
black cloth shroud above the study area. A window frame
(27 · 30 cm) in this shroud accommodated various light fil-
ters. Besides full sunlight (no filter) and total darkness
(black cloth), neutral density screens were used to provide
a light intensity range between 4% and 84% of full sunlight.
An infrared filter (FRF 700) (Westlake Plastics, Lenni, PA)
was used to exclude all visible light while transmitting the
complete solar NIR spectrum used by anoxygenic photo-
trophs including Chloroflexus sp.

To determine the effects of light intensity, an electrode
was positioned within the mat at the depth of maximum
oxygen production. A pyranometer light sensor with a
range of 400–1100 nm (LI-200SB) connected to a Radi-
ometer (LI-185B), LI-COR, (Linclon, NE) was positioned
to measure light intensity at the surface of the mat next
to the electrode. The mat was kept in the dark under the
shroud and a voltammogram was taken every 6 s. The
light intensity was then increased incrementally by using
a combination of various neutral density filters. Thirty-
two different surface light intensity levels were created
and 8–12 scans were run before switching to each new
light intensity.

Microprofiles of pH were measured using a combina-
tion needle pH microelectrode with a tip diameter of 0.7–
0.9 mm (#818, Diamond General, Ann Arbor, MI) con-
nected to an Oyster pH/mV meter (Extech Instruments,
Waltham, MA). The electrode was calibrated at the
in situ temperature. The temperature of the source water
overlying the mat was measured using a Fluke 52K/J
thermometer (Palatine, IL).

2.2. Closed-system incubation experiments

Small mat samples were collected and kept moist with
spring water in Petri dishes for transport to the lab
(Fig. 1b). The mat samples were kept in the dishes moist-
ened with spring water and maintained at reduced levels



Fig. 1. Techniques and microbial characteristics of the mats used in this study. (a) Typical microelectrode as it is being placed into the mat.
Bracket indicates the length of the thin part of the working electrode. (b) Photograph of a section of mat similar to those homogenized to
make the cell suspensions used in (c). The orange deposit next to the ruler is ferrihydrite found beneath the mat when the green microbial layer
was peeled back. (c) The incubation cell for mat suspension work is a three necked round bottom borosilicate glass flask with 19/22 ground
glass joints that seal the cell’s contents from O2 in the atmosphere; the combination electrode with the working, reference and counter
electrodes isolated in one holder. (d) Phase contrast micrograph of the microbial mat at 53 �C showing the three dominant species:
Synechococcus sp. (A), Cyanothece minnervae (B), Chloroflexus aurantiacus (C), and the mineral ferrihydrite (D).
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of light and temperature. Mat samples for the experiments
reported here were stored from 1 to 10 days. No loss of
photosynthetic activity was observed with up to 3 weeks
of storage. Masses of cells were separated from the larger
ferrihydrite sediment particles under a dissecting micro-
scope with forceps. The cells were gently homogenized
manually with a glass tissue homogenizer to avoid cell
breakage and were suspended in filtered hot spring source
water. Prior to use, the source water was purged with air
to oxidize all Fe(II). The particulate Fe(III) was removed
by pressure filtration (0.2 lm). The cell suspension was
transferred to a three-neck round bottom flask in a water
bath at 50–53 �C (Fig. 1c). In one experiment (data in Sec-
tion 3.9 and Fig. 11) a custom-made voltammetric combi-
nation electrode (the working, reference and counter
electrodes were isolated in one holder as in Fig. 1c) was
mounted in the flask to simultaneously analyze the dis-
solved Mn(II), Fe(II) and oxygen concentration over time
without the interference of atmospheric oxygen entrain-
ment. The cell suspension was stirred with a magnetic stir
bar and purged with Ar in the dark (using the same black
shroud system as in the field) to remove dissolved oxygen
from the suspension. A standard Fe(II) solution was in-
jected through a septum to reach a final concentration of
200–250 lM. The black shroud was removed to admit
sunlight.

In the experiments discussed in Section 3.9 (Fig. 10), the
cell suspension was sparged with a gas mixture of 5% CO2

and 95% N2 instead of Ar to maintain a lower pH. In these
experiments, the oxygen was measured with a needle oxy-
gen electrode (768-22, Diamond General, Ann Arbor,
MI) using a 2-point calibration. The Fe(II) concentration
was determined by removing 0.250 ml aliquots with a syr-
inge needle through the septum and assaying the iron with
ferrozine (Pierson et al., 1999). One experiment was done
with artificial light using a Hansatech LS2H tungsten halo-
gen lamp.

The pH of the cell suspensions was measured and the
cell concentrations were determined using an improved
Neubauer chamber hemocytometer.
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3. RESULTS AND DISCUSSION

3.1. Study location and mat composition

Chocolate Pots Hot Springs are located along the Gib-
bon River approximately 5 km south of Norris Geyser Ba-
sin in Yellowstone National Park. The source waters of all
springs are anoxic, high in dissolved Mn(II) (50–125 lM)
and Fe(II) (50–200 lM), but lack H2S (<100 nM). The
springs flow over colorful siliceous iron deposits that are
composed primarily of ferrihydrite and are low in manga-
nese content (Pierson et al., 1999; Wade et al., 1999; Paren-
teau and Cady, 2003, 2004). Phototrophic microbial mats
0.5–2 mm thick occur about 20 cm from the spring sources
(Fig. 1b). These mats are submerged beneath �1 cm of rap-
idly flowing (5–10 cm/s) anoxic spring water with a temper-
ature of 50–53 �C and a pH of 5.4–6.2.

Phase contrast microscopy (Fig. 1d), fluorescence
microscopy, and spectroscopic analysis of the photosyn-
thetic pigments in sonicated mat samples (Pierson and Par-
enteau, 2000) were used to identify the photosynthetic
microbes in the mats shown in Fig. 1a and b. The primary
phototrophic population was comprised of two cyanobacte-
ria (Synechococcus sp. and Cyanothece minervae) and the
anoxygenic phototroph Chloroflexus sp. Previous studies
examined the composition and distribution of the bacteria
within the mats (Pierson and Parenteau, 2000). The
in vivo absorption spectrum of these mats (data not shown)
was consistent with the presence of these species and similar
to a previously published spectrum (Pierson and Parenteau,
2000) with maxima at 801 and 870 nm (Bchl a) and 737 nm
(Bchl c) both in Chloroflexus. Maxima at 679 nm (Chl a)
and 620 nm (phycocyanin) were due to cyanobacteria.
Carotenoids present in the phototrophs contributed to a
broad maximum from 400 to 500 nm.

3.2. Light and dark in situ profiles

In voltammetry, the applied potential (Volts) identifies
the species via the half-wave potential (E1/2) at which the
electrode reaction occurs (confirmed with standards added
to the source waters), while the signal current (Ampere) is
a measure of the species concentration. The voltammetric
scans obtained in situ at various depths showed that the
source water just above the mat (Fig. 2, �0.2 mm depth)
was characterized by soluble Fe(II) (E1/2 = �1.30 V) and
Mn(II) (E1/2 = �1.45 V) and that oxygen (E1/2 = �0.3 V)
and hydrogen sulfide (E1/2 = �0.6 V) were not present. A
voltammogram obtained at the surface of the mat (Fig. 2,
depth 0.0 mm) showed a trace of oxygen indicated by the
S-shaped curve at E1/2 = �0.3 V and the presence of elect-
roactive Fe(III) (E1/2 = ��0.5 V), presumably Fe(III) com-
plexed with organic ligands as the peak current on
consecutive scans showed no significant change as it does
for inorganic Fe(III) (Taillefert et al., 2000).

In the mat (Fig. 2, depth 0.1 mm), the oxygen signal be-
came more evident and a Fe(II) signal could not be de-
tected; notice the horizontal baseline at �1.3 V (arrow).
During the detection of oxygen, oxygen is reduced to perox-
ide at the electrode surface and the formed peroxide is re-
duced to water at a potential of E1/2 = �1.1 V, indicated
by the S-shaped peroxide signal equivalent in size to the
oxygen signal detected at �0.3 V.

The oxygen concentration reached a maximum at a
depth of 0.5 mm in the mat and decreased as shown by
the scans at 0.6 mm, 1.3 mm and 2.0 mm depth (Fig. 2).
The manganese signal was present and did not decrease
throughout the profile. The rate of abiotic manganese oxi-
dation at a pH of �6 is low (Stumm and Morgan, 1996).

A pair of profiles measured in 2002 (Fig. 3a and b) show
the main characteristics of dissolved Fe(II), Mn(II), and O2

distributions with depth in the light and dark. In the dark
(Fig. 3a), O2 was absent. The concentration of Fe(II) ran-
ged from 50 to 75 lM and there was little variation in dis-
solved Fe(II) concentration from the mat surface to its
base. The concentration of Mn(II) ranged from about
40 lM at the surface of the mat to more than 100 lM near
the base. Most values remained between 50 and 100 lM
and were highest below a depth of 1.0 mm. In the light
(Fig. 3b), the O2 concentration increased dramatically just
beneath the mat surface (0.1 mm) and reached its maximum
value (190 lM) at a depth of 0.5 mm. The O2 concentration
decreased sharply at a depth of 1.0 mm and fell to near zero
at the base of the mat. The change from dark to light did
not substantially affect the Mn(II) concentration profile
(Fig. 3a and b). Conversely, the Fe(II) concentration profile
in the light (Fig. 3b) changed dramatically from the one
measured in the dark (Fig. 3a). In the light, Fe(II) was still
present in surface waters above the mat (�80 lM), but de-
creased to below detection (<3 lM) at depths where O2 ex-
ceeded 25 lM. The pH profiles showed a narrow range (pH
6 ± 0.2) at all depths independent of light conditions
(Fig. 3a and b).

In other profiles measured in 2002 (Fig. 3c and d) and
2004 (Fig. 3e and f), the Fe(II) decrease was also directly
coupled to the appearance of free dissolved oxygen. Dis-
solved Fe(II) and oxygen did not co-occur at any depth
within the mat. The magnitude of variance in the replicate
readings at each depth in Fig. 3e and f was less than in
Fig. 3a and b. In Fig. 3f, the Mn(II) concentration re-
mained constant throughout the profile and was the same
as the surface water concentration of approximately
50 lM. Slight variations observed among the profiles were
likely due to changes in the thickness and hydrology within
the mat. Fe(II) concentrations in the source waters varied
from hot spring to hot spring and year to year. The overall
patterns of distribution, however, were similar among the
different hot springs and over several years (2002–2004).

Atmospheric O2 was not a significant factor in this sys-
tem. These mats were near the hot spring source and the
dark measurements showed that no O2 was in the water
above the mats in the absence of photosynthesis (Fig. 3a,
c, and e). Thus, atmospheric O2 could not be responsible
for the observed Fe(II) oxidation when the mat was
switched from darkness to light. Under light conditions,
some of the O2 produced within the mat diffused upward
into the overlying flowing water resulting in low measurable
O2 concentrations in some cases (Fig. 3b). The Fe(II) con-
centration in the overlying water remained high in both
dark and light experiments (Fig. 3) but was completely oxi-
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Fig. 2. Selection of characteristic in situ voltammograms at various depths in the mat (July, 2002). The reference was an uncoated Ag wire in
saturated KCl solution.
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dized in the light in the top mm of the mat where the photo-
trophs reside. Since the source water lacked O2 and H2S,
but was high in Fe(II), we observed the impact of oxygenic
photosynthesis on Fe(II) oxidation, distinct from the influ-
ence of sulfide and atmospheric O2. We are not aware of
any other field studies in which this has been possible.

3.3. The role of pH

Changes in pH can affect the rate of Fe(II) and Mn(II)
oxidation (Stumm and Morgan, 1996). In many cyanobac-
terial mat studies, pH is higher in the light than in the dark
due to CO2 consumption by photosynthesis (Pierson et al.,
1999). In our experiments, however, the pH was nearly con-
stant in light and dark (Fig. 3a and b). Two conditions
could contribute to this observation: (A) The thin mats
were continually flushed by the low pH source water and
(B) the high rate of oxygen-dependent Fe(II) oxidation,
which follows a 4Fe(II):1O2 stoichiometry (Eq. (1)), pro-
duces both an Fe(III)

10H O + 4Fe2þ + O ! 4Fe(OH) + 8Hþ ð1Þ



Fig. 3. Voltammetric microelectrode dark (a,c,e) and light (b,d,f) profiles in three different hot spring mats measured at 50–53 �C. (a,b)
Profiles at South Mound Tree site June 2002. Each point is mean value of 4 measurements with SD. pH profiles also included. (c,d) Profiles at
Main Mound site in June, 2002. Each point is mean value of 4 measurements with SD. (e,f) Profiles at Main Mound site in July 2004. In E
each point is mean of 3 measurements with SD. In F each measurement value is the average of 5–9 measurements with SD.
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solid phase and protons (Stumm and Morgan, 1996) keep-
ing the pH relatively low and near constant. Consequently
pH changes did not contribute to the increased rate of
Fe(II) oxidation in the light.

3.4. The stability of Mn

Abiotic Mn(II) oxidation by O2 is very slow at the pre-
vailing environmental conditions (pH �6, temperature
�50 �C), whereas Fe(II) oxidation is fast (Stumm and Mor-
gan, 1996; Luther, 2005). The complete oxidation of Fe(II)
and lack of oxidation of Mn(II) in Chocolate Pots hot
springs (Fig. 3) is consistent with the high iron concentra-
tions and low manganese concentrations observed in most
BIFs (0–2.5 wt%) (Anbar and Holland, 1992; Kump and
Holland, 1992; Horstmann and Halbich, 1995; Rao and
Naqvi, 1995). The minerals deposited at Chocolate Pots
are also low in manganese (Parenteau and Cady, 2003,
2004). In Precambrian marine environments, once all Fe(II)
had been oxidized, continued oxygenic photosynthesis by
cyanobacteria could have raised the pH substantially there-
by increasing the rate of Mn(II) oxidation and manganese
deposition. Such activity would have resulted in a spatial
and/or temporal separation of iron and manganese deposits
(Holland, 1984; Kump and Holland, 1992). Although it is
theoretically possible for a phototroph to oxidize Mn(II) di-
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rectly in photosynthesis (Pierson, 1994), we saw no evidence
for this process or for bacterial chemotrophic oxidation of
Mn(II).

3.5. In situ analysis of Fe(II) oxidation rates

In situ microelectrode experiments were designed to
quantify the rate of Fe(II) oxidation by photosynthetically
produced O2 within the mats. The microelectrode was
embedded in the mat at the depth of maximum oxygen con-
centration and production (�0.5 mm). The light was
switched from dark (3.5 W/m2) to full sunlight (620 W/
m2) and back to dark. Fig. 4 follows the response of the
Fe(II) concentrations to these changes in light. The data
points in Fig. 4 were calculated from voltammograms sim-
ilar to those shown in Fig. 5. Fe(II) did not disappear
immediately after a shift from dark to light, but experienced
a short lag period perhaps as the cyanobacteria acclimated
to light. After this lag period the Fe(II) concentration
dropped from 66 lM to below detection (<3 lM) within
60 s (Fig. 4). The rate of Fe(II) oxidation was 1.60 lM
Fe(II)/s. The re-appearance of Fe(II) after the switch from
light to dark was associated with a 16 s lag period due to
the titration of remaining excess O2 by Fe(II) entering the
mat from the flowing water. After 90 s in the dark, the ini-
tial Fe(II) concentration of 66 lM was re-established.

The oxidation of Fe(II) at 0.5 mm within the mat was ra-
pid and complete. At this depth the mat had 9 times the
amount of O2 needed for total Fe(II) removal. All of the
Fe(II) in the source water (�66 lM; Fig. 4) could be oxi-
dized and precipitated with only �17 lM O2. This O2/
Fe(II) ratio (9:1) measured in the mat exceeds the 1:4 stoi-
chiometric ratio in Eq. (1) and suggests that, at 0.5 mm, a
pseudo-first order Fe(II) oxidation process may occur
(Stumm and Morgan, 1996). Some excess O2 from the
mat diffused into the overlying water (Fig. 3b).

Analysis of the decay in Fe(II) concentration with time
as light was allowed to reach the mat (Fig. 4) indicates that
the data fit a zeroth order rate law for all eight decay points
with a slope, k0, of �1.60 lM/s (t1/2 = {[Fe(II)]i/
(2k)} = 20.3 s; r2 = 0.983). A first order decay is only ob-
served for the last five decay points where r2 = 0.967,
Fig. 4. Response time for changes in Fe(II) concentration as a func
concentration was measured over time with the voltammetric microelectr
(0.5 mm) to determine a maximum Fe(II) removal rate and the response
k1 = �0.108 s�1 and t1/2 = 6.40 s. A zeroth order reaction
is consistent with light being the primary limiting factor
as the concentration of O2 is dependent on light intensity
and photosynthesis.

The voltammetric scans for another experiment that fol-
lowed the changes in oxygen concentration accompanying
the changes in Fe(II) concentration (Fig. 5) show that in
the dark, the mat environment reflected the source water
chemical composition, dissolved iron(II) and Mn(II) were
high and no dissolved oxygen was present (Fig. 5, T = 0).
Sunlight was admitted at T = 0 (Fig. 5). Soon after full sun-
light was admitted (Fig. 5, T = 11 s), the Fe(II) concentra-
tion dropped rapidly, and after 29 s, dissolved O2, Fe(III)
organic complexes and peroxide signals appeared, but a
Fe(II) signal was not detected. The oxygen, Fe(III) organic
complexes and peroxide signal increased over time (Fig. 5;
T = 11 s, T = 29 s and T = 58 s) to a more constant level at
T = 111 s.

When these changes in both Fe(II) and O2 concentration
are followed with time (Fig. 6), it can be seen that the oxy-
gen rises in the light (Fig. 6a) only after the Fe(II) ap-
proaches zero. The oxygen fell rapidly after the shift to
darkness (Fig. 6b). Fe(II) then rose only after O2 reached
zero (Fig. 6b). The re-appearance of Fe(II) after the switch
from light to dark was associated with a 40 s lag period in
this case. The Fe(II) oxidation rate in Fig. 6a again fit a zer-
oth order reaction (with a slope, k0, of �6.40 lM/s; t1/2 =
{[Fe(II)]i/(2k)} = 7.42 s; r2 = 1.000) and the zeroth order
rate constant was four times higher in this experiment
(6.40 lM Fe(II)/s) than the previous one in Fig. 4.

Further evidence for excess oxygen production was
found in the depth profiles. The upper O2 depth gradient
(Fig. 3b) is �430 lM O2/mm over 0.5 mm vs a Fe(II) re-
moval at the surface of the mat of �700 lM Fe(II)/mm
over 0.1 mm. This gradient ratio of about two Fe(II) to
one O2 indicates excess O2, which can sustain an abiotic
reaction with Fe(II), according to Eq. (1) with some loss
of excess O2 to the overlying water.

Even in this dynamic natural environment, the measured
Fe(II) oxidation rates (1.60 and 6.40 lM Fe(II)/s) (Fig. 4
and 6) are in close agreement with laboratory experiments
for abiotic Fe(II) oxidation (rates ranging from 1.7 to
tion of changing light conditions (shown in upper bar). Fe(II)
ode positioned in the mat at the depth of maximum O2 production
time (2003).



Fig. 5. Selected in situ voltammograms showing the progression of O2, H2O2, Fe(III), Fe(II), and Mn(II) concentrations over time after a shift
(at T = 0 s is when light was introduced) from dark conditions (�3 W/m2) to full light conditions (1000 W/m2). The reference was an Ag wire
coated with AgCl in saturated KCl solution (Ag/AgCl).

Fig. 6. Changes in Fe(II) and oxygen concentration as a function of changing light conditions (shown in bottom bar) measured over time with
the voltammetric microelectrode positioned in the mat at the depth of maximum O2 production (�0.5 mm). The scans in Fig. 5 contributed
data points to panel a. (a) Steady state values measured in dark and then shifted to full sunlight. (b) Steady state values measured in full
sunlight and then shifted to dark.
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Fig. 8. Gross oxygen production versus light intensity, modeled
according to a natural log curve. The vertical line indicates that
complete Fe(II) removal occurs at P85 W/m2.
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9.4 lM Fe(II)/s when extrapolated to 50 �C) (Sung and
Morgan, 1980). The similarity of these rates to our mea-
sured rates supports an abiotic mechanism for Fe(II) oxida-
tion consistent with the absence of chemotrophic iron
oxidizers in these mats (Emerson and Weiss, 2004). These
observations support our conclusion, that rapid Fe(II) oxi-
dation is primarily a chemical process mediated by cyano-
bacterial oxygen production in Chocolate Pots Hot Springs.

3.6. Assessment of Fe(III) in mats

Fe(III) signals due to soluble organic–Fe(III) complexes
(Taillefert et al., 2000) formed during oxidation of Fe(II)
were detected during the light regimes (Figs. 2 and 5).
Although this signal was observed in many profiles in the
zone of maximum oxygen production, it could not be quan-
tified as every organic–Fe(III) compound has a different
current vs concentration slope. Its presence is, however, evi-
dence that Fe(II) oxidation occurred with formation of sol-
uble organic–Fe(III) species prior to Fe(III) precipitation.

3.7. Light intensity effects

We measured the dependence of in situ Fe(II) concentra-
tions at 0.5 mm depth into the mat on light intensity change
at the surface of the mat. After switching to each new light
intensity, the mat stabilized quickly as determined by vol-
tammetry [8–12 scans were recorded until the last 5 were
reproducible]. The last measured scans at each intensity
were then used to calculate Fe(II) and O2 concentrations
(Fig. 7). Even at very low surface light levels of �55 W/
m2, dissolved Fe(II) was oxidized in the center of the mat
(�0.5 mm depth) (Fig. 7). At a light level of �85 W/m2

(only 7.1% of the maximum surface intensity of 1200 W/
m2), sufficient oxygen was produced to remove all dissolved
Fe(II) (see insert Fig. 7). This suggests that dissolved Fe(II)
entering into the mat can be actively oxidized soon after
sunrise and that even on overcast days (�150 W/m2) there
can be sufficient light for total Fe(II) oxidation. The re-
Fig. 7. Dissolved Fe(II) and oxygen concentrations measured at
0.5 mm depth into the mat and at different light intensities. (Inset)
dissolved Fe(II) scaled to lower light intensities.
sponse of Fe(II) oxidation to light intensity further con-
firms the role of cyanobacterial photosynthesis.

The gross oxygen production (defined as the O2 concen-
tration that would be detected at a given light intensity if
Fe(II) oxidation did not occur) at 0.5 mm vs light intensity
was approximated with a natural log model (Fig. 8) show-
ing first oxygen production occurred at a surface intensity
of 55 W/m2 which is only 4.6% of the maximum surface
light available. The cyanobacteria and iron minerals
strongly attenuate visible radiation within the mat. At a
depth of 0.5 mm, the available radiation is much less than
the 55 W/m2 measured at the surface (Pierson and Paren-
teau, 2000). Hence cyanobacteria are capable of substantial
oxygen production resulting in complete Fe(II) oxidation at
very low light intensities.

3.8. Near infrared (NIR) radiation and Fe(II) oxidation

An in situ depth profile of Fe(II) was measured in the
dark and with an infrared filter (blocking all radiation be-
low 700 nm). The dark and NIR profiles were nearly iden-
tical (Fig. 9) indicating that NIR radiation did not support
the anoxygenic photosynthetic oxidation of Fe(II) in these
mats. We have previously shown that NIR penetrates better
than visible radiation in cyanobacterial mats and iron sed-
iments (Pierson et al., 1999; Pierson and Parenteau, 2000).
Radiation at wavelengths less than 700 nm is strongly
attenuated by the cyanobacteria and ferrihydrite. NIR
can be used only by bacteriochlorophyll-containing anoxy-
genic photosynthetic bacteria and not by cyanobacteria.
Restricting the light environment to NIR radiation thus
prevents oxygen production. Anoxygenic phototrophs such
as some purple and green bacteria (Widdel et al., 1993;
Heising et al., 1999) can oxidize Fe(II) directly without pro-
ducing oxygen. Although the anoxygenic Chloroflexus pres-
ent in these mats is not known to oxidize Fe(II), it seemed
possible that it might in this high iron environment (Pierson
et al., 1999). Since no evidence was found for the oxidation
of Fe(II) in the presence of NIR radiation, if Chloroflexus is
capable of such activity, there is insufficient biomass present
to contribute measurably to the total iron(II) oxidation in



Fig. 9. Depth profiles of Fe(II) concentration measured during
dark conditions and in the presence of an infrared filter.

Fig. 11. Closed system incubation experiment. Cyanobacterial cell
suspension at pH 7.0 and sunlight intensities indicated on the top
x-axis. Dissolved Fe(II) and Mn(II) measured with voltammetric
microelectrode.
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these mats. It appears that Chloroflexus may be growing in
Chocolate Pots primarily as a photoheterotroph dependent
on organic substrates produced by cyanobacteria, just as it
does in most other hot spring environments where it forms
more conspicuous mat layers (Revsbech and Ward, 1984).

3.9. Closed system incubation experiments with mat

suspensions

The closed system incubations were done with homoge-
nized cell suspensions in flasks to simulate a planktonic dis-
tribution of cells, to calculate the rate of Fe(II) oxidation
under controlled conditions, and to determine the rate of
Fe(II) oxidation per cell. In two experiments (Fig. 10a
and b), oxygen levels were measured with an oxygen specific
electrode and Fe(II) was measured with the ferrozine assay.
In another experiment (Fig. 11), oxygen, Fe(II), and Mn(II)
were measured with voltammetry.

The dark/light shift experiment with an abiotic control
(Fig. 10a) showed that photosynthesis is required for the
light-dependent oxidation of Fe(II). Oxygen accumulates
only after nearly all the iron is oxidized. The abiotic control
using the same spring water with added Fe(II) but without
the cells showed little decrease in Fe(II) and no increase in
Fig. 10. Closed system incubation experiments with homogenized mat s
controls. O2 measured with an electrode and Fe(II) with ferrozine assay. (
and 350 W/m2 from tungsten–halogen lamp. (b) Cyanobacterial cell sus
sunlight.
oxygen (Fig. 10a). The slight decrease in Fe(II) was due to
the inadvertent introduction of oxygen during sample re-
moval for the ferrozine assay. In the presence of cyanobac-
teria the Fe(II) decreased and accompanying oxygen
increased, when switched from dark to light, showing the
same relationship as when measured in situ with the elec-
trode embedded at a depth of 0.5 mm in the mat
(Fig. 6a). In the cell suspension simulating a planktonic dis-
tribution, however, the level of oxygen attained after oxida-
tion of all the Fe(II) was much less than in the dense
microbial mat. The experiment in Fig. 10a was done in arti-
ficial light (350 W/m2). A second experiment (Fig. 10b)
done in natural sunlight (700 W/m2) also showed that the
presence of the cyanobacteria was required for rapid Fe(II)
oxidation. Rates from this experiment are in Table 1. In
both of these experiments, sparging with N2/CO2 kept the
pH low (5.3–5.5).

Experiments with the voltammetric electrode permitted
acquisition of many more data points during the period
uspensions. Cyanobacterial cell suspensions compared with abiotic
a) Cyanobacterial cell suspension and abiotic control both at pH 5.5
pension and abiotic control both at pH 5.3 and 700 W/m2 natural



Table 1
Fe(II) oxidation rates from mat suspensions relative to BIF deposition

Fig. Light level
(W/m2)

pH Cell density
(106 cells/ml)

Fe(II) oxidation rate
(10�16 mol Fe/cell/min)

Fe(II) oxidation rate
(10�12 mol Fe/cell/yr)

Cyanobacterial cells to
deposit 4.5 · 1012 mol
Fe/yr (10+20 cells)

Productive
surface area
necessary (%)

11 1200 7 5.35 101 2654 17.1 2
11 700 7 5.35 27 710 63.2 6
10b 700 5.3 5.93 2.9 76 596 60
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of rapid iron(II) oxidation for better rate determinations
(Fig. 11). Since samples did not have to be taken for iron
analysis, problems with inadvertent introduction of oxygen
during sampling were avoided. These simulated planktonic
suspensions were sparged with Ar and the pH was 7.0.
Within approximately 8–9 min of being exposed to sun-
light, all of the added 200 lM Fe(II) was removed from
solution (Fig. 11). The concentration of dissolved Mn(II)
remained constant (�50 lM) over the course of the experi-
ment confirming the observations made with the in situ pro-
files (Fig. 3).

The fluctuations in light intensity during the experiment
in Fig. 11 were caused by intermittent cloud cover. The
variations in light regime directly affected the Fe(II) re-
moval rate. Therefore, only data measured during the more
stable light conditions (first 700 W/m2 period, and the sec-
ond period of 1200 W/m2) were used to estimate Fe(II) oxi-
dation rates. The rate per cell at 700 W/m2 was 27% of the
rate per cell at 1200 W/m2 (Table 1). The rapid impact of
light intensity on oxidation rate, clearly shows the depen-
dence of Fe(II) oxidation on photosynthesis. Rates of
Fe(II) oxidation decreased not only at lower light intensi-
ties, but also at lower pH. At the same light intensity
(700 W/m2), the rate per cell at pH 5.3 was about 10% of
that at pH 7.0 (Table 1).

3.10. Quantitative assessment of Iron(II) oxidation in mat

suspensions relative to BIFs

The BIFs of the Hamersley Basin of Western Australia
are a large sequence formed about 2.5 Ga that have a depo-
sitional structure consistent with chemically precipitated
iron (Klein, 2005). One possible source of oxidizing power
is molecular oxygen from cyanobacterial photosynthesis
(Trendall, 1983; Olson, 2006).

Using the measured cellular Fe(II) oxidation rates per
min from the planktonic simulation experiments shown in
Fig. 1c and described in Section 3.9 (Table 1) and assuming
an average 12 h light and 12 h dark period per day, we cal-
culated an annual oxidation rate of 7.1 ± 3 · 10�10 mol
Fe(II) oxidized/cell at 700 W/m2 and 26.5 ± 2 · 10�10 mol
Fe(II) oxidized/cell at 1200 W/m2 (Table 1).

Konhauser et al. (2002) calculated a depositional rate of
4.53 · 1012 mol Fe/year for the 1 · 1011 m2 area of the
Hamersley basin. Dividing this estimated annual Fe(III)
deposition rate by the annual cellular Fe(II) oxidation
rates, we obtained the number of cyanobacterial cells
needed to oxidize the iron to form one annual layer (varve).
At pH 7.0 this value ranged from 1.7 ± 0.16 · 1021 cells at a
light intensity of 1200 W/m2 to 6.3 ± 0.3 · 1021 cyanobacte-
rial cells at 700 W/m2 (Table 1). At pH 5.3 and 700 W/m2,
approximately 6 · 1022 cells are needed (Table 1). These
numbers are 1–2 orders of magnitude lower than the num-
bers of cells required of anoxygenic phototrophic or aerobic
chemotrophic bacteria (Konhauser et al., 2002). Assuming
an average depth of 100 m for the photic zone over the en-
tire area of the Hamersley Basin, a cyanobacterial cell den-
sity of 1.7 ± 0.02 · 102 cells/ml at 1200 W/m2 or
6.3 ± 0.3 · 102 cells/ml at 700 W/m2 would be sufficient to
oxidize all the required Fe(II) (Table 1). At pH 5.3 and
700 W/m2 the required cell concentration would be
5.96 · 103 cells/ml (Table 1). With a shallower photic zone
of only 10 m, these densities remain in the range of 103 to
104 cells/ml. If we assume a higher cell density of
104 cells/ml (Konhauser et al., 2002) comparable to con-
temporary seawater concentrations of cyanobacteria (See
et al., 2005) and a photic zone depth of 100 m, the photo-
synthetically productive surface area required to oxidize
all of the depositional iron would be 2% of the entire basin
at 1200 W/m2 and 6% at 700 W/m2 (Table 1). Even at pH
5.3 and 700 W/m2 only 60% of the basin area would need
to be productive (Table 1). At lower light intensities, a high-
er percentage of the area would be required.

While there are many variables to be considered in Fe(II)
oxidation and BIF deposition, and we have ignored the addi-
tional complexities of iron cycling (Konhauser et al., 2005),
these working estimates are useful in confirming the potential
of oxygenic photosynthesis to oxidize a large amount of iron.
We do not need to invoke vast dense cyanobacterial mats nor
high density planktonic blooms to oxidize the Fe(II). A mod-
est proportion of the basin or a shallower photic zone with
relatively low cell densities across the entire basin can pro-
duce the required deposition of iron.

The data from lower pH values are included in these cal-
culations to illustrate the environmental range over which
some cyanobacteria are capable of efficiently producing oxy-
gen and oxidizing iron. While it may not be known precisely
at what pH Precambrian Fe(II) oxidation occurred, our data
show that Fe(II) could have been oxidized by cyanobacterial
photosynthesis at least over the pH range of 5.3–7.0.

4. CONCLUSIONS AND IMPLICATIONS

The data from both in situ mat studies and closed system
incubation experiments led to the same conclusion for the
high temperature mats at Chocolate Pots hot springs. Light
was the primary variable determining Fe(II) oxidation by
controlling the O2 production through cyanobacterial pho-
tosynthesis. The photosynthetically induced Fe(II) removal
was rapid and complete.
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These data have some implications for the potential role
of oxygenic photosynthesis in Fe(II) oxidation during the
Precambrian. We recognize that the microbial mats at
Chocolate Pots are not analogous to the Precambrian
ocean environments in which deposition of BIFs occurred.
However, these mats are the best microbial environment we
have found in which to quantitatively assess the potential
role of cyanobacteria in indirect abiotic Fe(II) oxidation.
The biogeochemical analyses reported here can be cau-
tiously applied to the Precambrian environment when con-
sidering some of the conditions below. We believe they
provide experimental justification for keeping cyanobacte-
rial oxygenic photosynthesis in the mix of possible mecha-
nisms to account for deposition of at least some BIFs.

We have recognized that several mechanisms may
have been involved in the oxidation of Fe(II) in the Pre-
cambrian. Konhauser et al. (2002) have presented the
case for the quantitative role of anoxygenic phototrophs
and chemotrophic bacteria. In some basins under some
conditions, anoxygenic phototrophs may have had a
greater role than oxygenic cyanobacteria (Kappler
et al., 2005). In some other environments, cyanobacteria
may have had a greater role. In others, coexistence of
all three biological mechanisms in stratified or mixed
communities may have resulted in complex contributions
and even interactions in Fe(II) oxidation. Light penetra-
tion in oceanic waters affects the distribution of photo-
trophs and is influenced by many factors including the
presence of microorganisms and the chemical composi-
tion of the water. For example, the strong UV absorption
by soluble Fe(II) and suspended nanoparticulate Fe(III)
assemblages could protect microorganisms from damag-
ing UV radiation in shallower depths (Olson and Pierson,
1986; Pierson et al., 1993; Pierson, 1994). Cyanobacteria
are versatile organisms and are well adapted to harvest-
ing wide ranges of the visible spectrum. Early cyanobac-
teria could have used wavelengths of light in the red
regions with chlorophyll a and phycocyanin. They were
also well adapted to growing deeper in the water column
using the Soret band of chlorophyll, possibly carotenoids,
and the light-harvesting phyocerythrins. The versatility of
cyanobacteria includes the abilities to grow beneath
anoxygenic phototrophs and to grow anoxygenically
themselves (Gorlenko et al., 1987; Pierson, 1994). Anoxy-
genic photosynthesis using iron(II) or manganese(II) is
certainly a likely capability of ancestral cyanobacteria
and may have had a role in some Precambrian BIF
deposition.

Our studies presented here provide an opportunity for
the quantitative assessment of the potential role of oxygenic
cyanobacterial photosynthesis in the oxidation of Fe(II)
and the subsequent precipitation of Fe(III) during the
Precambrian.
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