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ABSTRACT: The rates of microbial and abiotic iron oxidation were determined in a
variety of cold (T = 9−12 °C), circumneutral (pH = 5.5−9.0) environments in the
Swiss Alps. These habitats include iron−bicarbonate springs, iron−arsenic−
bicarbonate springs, and alpine lakes. Rates of microbial iron oxidation were
measured up to a pH of 7.4, with only abiotic processes detected at higher pH values.
Iron oxidizing bacteria (FeOB) were responsible for 39−89% of the net oxidation
rate at locations where biological iron oxidation was detected. Members of putative
iron oxidizing genera, especially Gallionella, are abundant in systems where biological
iron oxidation was measured. Geochemical sampling suites accompanying each
experiment include field data (temperature, pH, conductivity, dissolved oxygen, and
redox sensitive solutes), solute concentrations, and sediment composition. Dissolved
inorganic carbon concentrations indicate that bicarbonate and carbonate are typically the most abundant anions in these
systems. Speciation calculations reveal that ferrous iron typically exists as FeCO3(aq), FeHCO3

+, FeSO4(aq), or Fe
2+ in these

systems. The abundance of ferrous carbonate and bicarbonate species appears to lead to a dramatic increase in the abiotic rate
of reaction compared to the rate expected from chemical oxidation in dilute solution. This approach, integrating geochemistry,
rates, and community composition, reveals locations and geochemical conditions that permit microbial iron oxidation and
locations where the abiotic rate is too fast for the biotic process to compete.
KEYWORDS: iron oxidizing bacteria, iron redox cycling, rate experiments, chemical speciation, metal carbonates, metal bicarbonates,
Gallionella

1. INTRODUCTION

Iron oxidizing bacteria (FeOB) catalyze the reaction of Fe(II)
with molecular oxygen to gain metabolic energy, generating
ferric minerals as byproducts. An idealized reaction stoichi-
ometry is Fe2+ + (1/4)O2 + (5/2)H2O → Fe(OH)3 + 2H+.
Other Fe(II) couplings, such as nitrate-dependent oxidation1

and photoferrotrophy,2 have also been documented (and
recently reviewed3). The present contribution focuses
exclusively on oxidation via atmospheric or dissolved O2.
Biological iron oxidation was previously documented in a wide
variety of circumneutral habitats, including iron-rich springs,4,5

the arctic tundra,6 caves,7 ocean seeps,8 and other environ-
ments where reduced iron and atmospheric oxygen are out of
equilibrium. In the present study, iron springs and iron-cycling
lakes in the Swiss Alps, with greatly varying compositions, were
studied to assess kinetics of microbial and abiotic iron
oxidation across a wide range of low-temperature geochemical
conditions.
In oxic circumneutral environments, abiotic Fe(II) oxidation

can be extremely rapid. FeOB compete with the abiotic
oxidation process for Fe(II), which requires quantification of

the relative contributions of FeOB and abiotic rates to place
FeOB in their broader biogeochemical context. In situ rate
measurements of oxidation attributable to FeOB in circum-
neutral environments are emerging.4,7,9,10 Using literature data,
Emerson et al.11 calculated that FeOB contributed an average
of 45% of the net rate of Fe(II) oxidation. This result is based
on a limited number of examples, however, and the reported
range is from 28 to 75%.9 Rate measurements of FeOB in pure
culture also show competition from abiotic processes.12−15

Recent studies have cataloged how geochemistry in circum-
neutral environments affects broader biogeochemical cycling of
iron.15,16 A goal of the present study was to determine
conditions where the abiotic Fe(II) oxidation rate is so fast
that biology cannot compete at a bulk level. Field sites were
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selected where Fe(II) and oxygen coexist out of equilibrium
(at least initially) but the abiotic Fe(II) oxidation rate was
expected to vary by orders of magnitude.
Many years of research have resulted in comprehensive

descriptions of rates and mechanisms of abiotic Fe(II)
oxidation, which guided the search for locations with rapid
abiotic rates. Stumm and Lee17 were the first to quantify rates
of abiotic iron oxidation, and their results demonstrated that
oxidation rates in dilute solution are extremely sensitive to pH
between values of approximately 4 and 8, with a one pH unit
increase leading to more than 1 order of magnitude increase in
the observed Fe(II) oxidation rate. In this pH range, Stumm
and Lee17 gave this iron oxidation rate law:

t
k

d Fe
d

Fe OH O
2

2 2
2− [ ] = [ ][ ] [ ]

+
+ ‐

(1)

where brackets indicate concentration and k (l2 mol−2 atm−1

min−1) represents the rate constant. At ambient conditions,
rates at pH values less than ∼4 and greater than 8 were shown
to be independent of pH.18,19 Millero19 made it clear that this
type of dependence of the rates of oxidation on pH is driven by
Fe(II) speciation. Fe2+ is the dominant species at low pH
values. Hydrolysis becomes significant at pH > 4, leading to the
formation of FeOH+, Fe(OH)2(aq), and Fe(OH)3

− species.
The relative abundances of these hydroxide complexes increase
and become dominant as pH increases. The oxidation rates of
ferrous hydroxide species become orders of magnitude faster
with each subsequent association and are all orders of
magnitude faster than the oxidation of Fe2+.19,20

Laboratory experiments in dilute solution helped establish
rates and mechanisms of Fe(II) oxidation but are not always
sufficient to explain observations in nature. Natural systems
can contain thousands of solutes and contain minerals, organic
matter, and microbes. Inorganic solutes can slow or hasten
oxidation rates by changing the speciation of Fe(II), with each
species having a unique oxidation rate constant.21 Organic
solutes can both enhance or slow Fe(II) oxidation,22 with
many common organic acid ligands stabilizing Fe(II) in
solution. Mineral surfaces can also catalyze oxidation
heterogeneously. Ferric mineral products of microbial and
abiotic oxidation have both been shown to catalyze Fe(II)
oxidation,.9,10,23 The mechanism is thought to involve sorption
of Fe(II) to surfaces of ferric mineral products, which lowers
the activation energy for Fe(II) oxidation. Geochemical
analysis of water and minerals, and subsequent speciation
calculations, can indicate which species or minerals are driving
abiotic rates in a system. The inherent complexity of factors
contributing to abiotic Fe(II) oxidation rates inhibits
prediction of those rates and often requires that rates in
natural systems be measured directly.
The sites sampled in this study all contain significant

concentrations of dissolved inorganic carbon (DIC), and in
most systems bicarbonate or carbonate is the most abundant
anion. Millero et al.24 used equilibrium constants for the
formation of ferrous bicarbonate and carbonate ((bi)-
carbonate) species from Bruno et al.25 to calculate the
speciation of ferrous iron in natural waters and determined
that complexes include FeHCO3

+, FeCO3(aq), Fe(CO3)2
−2,

and Fe(OH)(CO3)
−. Experiments by King26 quantified the

oxidation rates of these individual aqueous (bi)carbonate
complexes. King’s data are widely used to estimate ferrous iron
oxidation rates in (bi)carbonate-rich natural systems. The

apparent overall rate can be expressed as a sum of the
oxidation rates of the individual aqueous species:26
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where α stands for the fraction of the total Fe(II) in solution
accounted for by each aqueous species and k represents the
second-order rate constant for oxidation by oxygen of the
specified aqueous species. The individual rates are multiplied
by 4 to account for the stoichiometry of 4 mol of Fe(II)/(mol
of O2). Speciation calculations can be performed to determine
how much of the rapidly oxidizing ferrous (bi)carbonate
species are present. It should be noted that there is still some
debate on the exact speciation of ferrous iron in bicarbonate
media, given the limited experimental data available27,28 (but
see below).
When the concentration of O2 is constant, the rate

expression simplifies to the pseudo-first-order expression:

t
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(3)

where kox (min−1) represents the pseudo-first-order rate
constant. This simplified rate expression is commonly reported
from field experiments because it encompasses the sum of all
processes and allows rates to be directly compared among
systems. It also permits the sum of the abiotic processes to be
distinguished from biotic rates. Values measured in this study
are calculated from eq 3 and reported as kox.
Taken together, the geochemical data, sediment composi-

tions, rate measurements, Fe speciation calculations, and
community compositions permit an integrated description of
iron transformation in cold natural systems. These data can
provide a foundation from which to discuss the habitability of
Fe(II) oxidation in various contexts, including active systems,
ancient oceans, and extraterrestrial environments.

2. METHODS
2.1. Site Descriptions. Samples were taken in September

2015 from springs and lakes in four areas of Graubünden
canton in the Swiss Alps: (1) Rablönch, (2) Val Sinestra, (3)
Alvaneu Bad, and (4) Jöri lakes (see map, Figure S2).
Locations were chosen for samples and experiments based on
apparent iron redox processes, including abundant reduced
iron, significant iron minerals, or staining, or preliminary data
from a 2012 scouting trip (Table S7). Rablönch (area 1) is an
iron-rich spring 1 km east of the town of Scuol. The outflow
forms a carbonate terrace stained with iron oxides (see map,
Figure S3). Samples and experiments were performed at
several locations in the outflow channel, where significant
changes in pH, Fe2+, and O2 (aq) were observed (Figure S4).
Val Sinestra (area 2) is located approximately 6 km to the
northeast of Rablönch and contains four sources rich in iron,
arsenic, and inorganic carbon. The springs were used
historically as a folk remedy and are located in a dilapidated
bathhouse (see map, Figure S5). Samples and experiments
were performed at two springs around Alvaneu Bad (area 3),
which contains numerous iron- and sulfide-rich springs and is
located 3 km east of the town of Filisur. Field data for these
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springs (areas 1−3) are shown in Table 1. The Jöri lakes (area
4) are high-elevation lake catchments with dilute water (see
map, Figure S7). Ferrous iron was present in lake sediments
and the water column of some lakes, while ferric mineral
staining is apparent in most lakes. GPS coordinates for each
sample location are shown in Tables 1 and 2, together with
field geochemical data. An extended description of the springs
and lakes is found in section S2 of the Supporting Information
and includes maps, solute profiles of spring outflow channels,
and results from a preliminary sampling trip.
2.2. Geochemistry. Complete geochemical suites were

collected to provide compositional context for each rate
experiment and include field measurements, water chemistry,
and sediment characterization. Field measurements include
meter measurements of pH, temperature, conductivity,
dissolved oxygen, and ferrous iron. Water samples were
analyzed for major ions, dissolved organic carbon (DOC),
dissolved inorganic carbon (DIC), trace elements, δ18Owater,
δ2Hwater, and small organic anions. Sediments were analyzed for
mineral composition by X-ray diffraction (XRD) and sediment
iron.
2.2.1. Water Sampling and Analysis. Temperature, pH,

conductivity, and dissolved oxygen were measured with
portable meters in the field. The pH meters (WTW 3110)
and probes (WTW Sentix 41) were calibrated daily at ambient

temperatures. Conductivity was measured using a YSI 30 m.
Dissolved oxygen was measured using a fluorescence method
with a detection limit of 15 parts per billion (ppb) and a
resolution of ±4 ppb (Fibox 4 m and optical probe, PreSens
Inc., Germany). Ferrous iron was determined with a modified
1,10-phenanthroline method (see below).
Water was collected into a 1 L Nalgene bottle for both

experiments and geochemistry using either a 140 mL syringe
or 1 L high-density polyethylene (HDPE) bottle. All collection
tools were acid-washed prior to the trip and rinsed with source
water between samples. Samples were filtered through 1.2 μm
and 0.8/0.2 μm poly(ether sulfone) (PES) syringe filters
(Acrodisc 32 mm PF syringe filter with Supor filters), in series,
that were rinsed with 20 mL of water before sample collection.
Aliquots were collected in the order listed here to minimize
contamination. Samples for stable isotopes of oxygen and
hydrogen were collected without headspace in 40 mL square
glass vials with polymer-lined caps for gastight storage
(Qorpak). Samples for cations and anions were collected in
separate 30 mL HDPE bottles that had been rinsed with 10%
HCl (Omnitrace grade, Sigma-Aldrich), and then triple rinsed
with 18.2 MΩ·cm ultrapure water. The cation sample bottle
was spiked with 1 mL of 6 N methanesulfonic acid. Both
bottles were allowed 5−10 mL of headspace for expansion
during sample freezing begun on the evening of collection.

Table 1. Field Measurements from Spring Sources and Outflowsa

areab sample IDc description pH
cond,
μS/cm T, °C

O2(aq),
μmd

Fe2+,
μmd

lat. UTM
32T

long.
UTM

elevation,
masle

1 150907Ff layered iron mat 6.32 1674 11.1 162 93.2 600889 5184393 1190
150908Jf Fe-ox stained travertine terrace 7.67 1657 12.7 318 28.3 600893 5184375 1183
150907Gf travertine terrace without Fe-ox stain 7.91 1401 10.7 327 4.2 600896 5184374 1183
150907MR1 Rablönchg spring source in concrete

housing
5.99 1795 11.1 3.4 ND 600887 5184425 1194

150907MR2 Rablönch water collection pipe 6.09 1790 11.2 7 ND 600889 5184414 1192
150907MR3 outflow below 150907MR2 6.36 1755 11.3 94 ND 600889 5184414 1191

2 150906Bf Conradin spring 6.62 5140 7.9 103 125.3 601934 5189515 1477
150906Cf spring below trap door 6.11 2886 8.6 1.4 166 601935 5189513 1477
150906D Ulrichsg pool 7.00 6510 8.7 159 1.4 601928 5189517 1477
150906MR2 Ulrichsg source 6.38 6780 8.9 8 141 601928 5189517 1477
150906MR1 shallow pool in back of bathhouse 6.77 2175 9.1 206 0.9 601931 5189520 1477
150908H pipe outflow from 150906C 6.28 2892 8.5 105 152 601964 5189509 1470
150908I La Brancia Creekg 8.27 257.4 5.3 319 BDL 601965 5189513 1470

3 150905Af Arvadi springg 7.93 1118 7.8 314 2.5 548783 5168030 929
150911Tf Eisenquelle 7.34 1502 7.9 5 5 551098 5168699 961

aField measurements of outflows channels indicated on the maps (Figures S4 and S5) are depicted in Figures S4 and S6. bAreas correspond to
designations on Figure S2 and refer to Rablönch, Val Sinestra (see section S2), and Alvaneu bad (section S2). cSample IDs in bold have complete
geochemical suites, nonbolded IDs only have field data. dDetection limits are 0.8 μm for Fe2+ and 0.15 μm for dissolved oxygen. ND, not
determined; BDL, below detection limit. emasl = meters above sea level. fIron oxidation experiment location. gOfficial name.

Table 2. Jo ̈ri Lake Field Measurements

sample ID lake no. pH cond, μS/cm T, °C O2(aq), μm Fe2+, μm lat. UTM 32T long. UTM elevation, masl

150909K XIII at surface 6.64 7.1 9.7 293 0.4 573286 5180755 2639
150909Na XIII 10 mb 5.76 14 7 218 15.6 573337 5180800 2629
150909L XIII outflow 7.08 6.8 9.9 293 0.2 573337 5180800 2639
150909Ma XXI 9.03 25.6 8.1 336 BDL 573334 5180422 2668
150910Oa II 6.98 30.7 7.2 320 BDL 574139 5181021 2491
150910Q XIX 7.36 28.8 6.6 321 BDL 573423 5180059 2720
150910R XVIII 7.18 29.1 6.5 321 0.4 573512 5180001 2731
150910S XXIII 8.94 33.5 3.8 343 BDL 573568 5179889 2737
150910P snow sample 6.69 4.6 8.5 251 ND 573268 5180598 2648

aIron oxidation experiment location. bSample collected from 10 m depth.
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DIC samples were collected in 40 mL brown borosilicate vials
with butyl rubber stoppers. DOC samples were collected in the
same type of vials, with Teflon-lined silicone stoppers and
spiked with 1 mL of concentrated H3PO4. The DIC and DOC
samples were filled completely to eliminate head space and
quickly sealed to minimize degassing. Trace elements were
collected in HCl-rinsed 60 mL HDPE bottles containing 800
μL of trace-metal-free concentrated nitric acid. Organic acid
samples were collected last in muffled brown borosilicate glass
vials with deionized-water-rinsed Teflon caps. Field blanks
were collected with the same sampling equipment and
methods with 18.2 MΩ·cm deionized water brought to the
field in 1 L HDPE bottles that were cleaned in the laboratory
with HCl and water rinses.
For water analyses, stable water isotopes (δ18O, δ2H) were

determined with off-axis integrated cavity output spectroscopy
(Los Gatos Research) using methods previously outlined.29

Values are reported relative to Vienna Standard Mean Ocean
Water (VSMOW). Major cations (Na+, K+, NH4

+, Ca2+, and
Mg2+) and anions (SO4

−2, Cl−, Br−, F−, NO3
−, and NO2

−), as
well as organic anions (formate, acetate, and lactate) were
measured using ion chromatography (IC). Cations and anions
were determined on two Dionex DX-600 IC systems using
suppressed conductivity detectors. The anion system used S11-
HC/AG11-HC columns, a potassium hydroxide eluent
generator, and a carbonate removal device. The cation system
used CS-16 and CG-16 columns, and cations were eluted
isocratically with 19 mM methanesulfonic acid (MSA).
Organic anions were determined on a Dionex ICS-1500
system using an ICE-AS6 ion exclusion column and 0.4 mM
heptafluorobutyric acid eluent. DIC and DOC concentrations
and carbon isotopic compositions were determined on a total
organic carbon (TOC) analyzer, followed by isotope ratio
mass spectrometry (IRMS). Isotopic values of C are reported
relative to Pee Dee Belemnite (PDB) standard. Further details
concerning these methods are given in the refs 29−32
To determine Fe(II), a new 1,10-phenanthroline based

photometric method was developed that permits data to be
measured up to 3 months after sample collection. Samples for
ferrous iron (3.0 mL) were taken directly with a syringe and
immediately filtered through a 0.2 μm PES filter into a 5 mL
plastic vial containing 100 μL of 10 g/L 1,10-phenanthroline
monohydrate in 0.1 M glycine/HCl buffer adjusted to pH 2.3.
Laboratory experiments with standard solutions showed this
method preserved ferrous iron for later measurement for more
than 3 months. The method did not reduce ferric ions or
oxidize ferrous iron. Samples with Fe3+/Fe2+ ratios of up to
100:1, which can cause inaccurate results with some photo-
metric methods, were determined accurately. This method was
tested and used in several harsh natural systems, including
acidic hot springs and acid mine drainage. The detection limit
is 0.01 mg of Fe(II)/L, with a total uncertainty of ±0.01 mg/L
for a field measurement.
2.2.2. Sediment Sampling and Analysis. Sediment samples

were collected with a variety of cleaned Teflon spoons, scoops,
and tweezers that were sterilized with ethanol between
locations. Each sample was collected into a new 100 mL
sterile sample cup. Aliquots for DNA were transferred into 1.8
mL cryovials and immediately frozen on dry ice. Samples for
XRD, reducible iron, and sediment C were placed in 5 mL
cryovials and also frozen on dry ice in the field. Larger pieces of
sediment were placed into sterile whirlpak bags and frozen
later in the day.

Carbon content and isotopic composition of sediments were
determined by elemental analysis−isotope ratio mass spec-
trometry (EA-IRMS) on a Costech elemental analyzer and a
Thermo Delta plus Advantage IRMS apparatus.30 Samples
were prepared by drying sediments at 50 °C overnight,
grinding to a fine powder, and drying again overnight. Samples
for total carbon analysis were prepared by weighing ∼100 mg
of sediments in tin capsules to the nearest microgram. Organic
carbon analyses were prepared the same way, except they were
repeatedly acidified with high-purity 3 M HCl (OmniTrace) in
silver capsules.
Mineral composition of sediments was analyzed by powder

X-ray diffraction (XRD). Samples were dried at 50 °C
overnight before being powdered using an agate mortar and
pestle. Approximately 200 mg were mixed with isopropanol
and applied to quartz zero-background slides. Mineral
identification was performed by XRD using Cu Kα radiation
from 4° to 90° 2Θ, with a step size of 0.016° and rate of 0.850
s/step with a Siemens D5000. The XRD system was run at 40
kV and 40 mA. Resulting diffractograms were analyzed using
the JADE XRD software.
Sediments were characterized for their poorly crystalline

ferric mineral content by the method outlined by Lovley and
Phillips,33 which allows for rapid quantification of minerals that
are available to microbial iron oxidizers. Ferrous iron in
sediments was measured by adding approximately 100 mg of
freshly weighed sediment to 5 mL of 0.5 M HCl (OmniTrace).
Samples were vortexed and allowed to sit for 1 h. Fe(II) was
measured using the ferrozine method34 in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer adjusted to
pH 5.5. The total readily reducible iron content of the
sediments, including amorphous ferric minerals and Fe3+, were
determined by the same method, except a solution of 0.25 M
hydroxylamine and 0.25 M HCl was used to reductively
dissolve minerals. Ferric iron was then determined by
subtracting the measured Fe(II) from the total iron.

2.3. Iron(II) Oxidation Rate Experiments. Experiments
were designed to measure the rates of biological and
abiological Fe(II) oxidation reactions in situ. Microcosm
experiments were performed using sediment and sample water
at the field site. Two protocols were used, with the choice
being determined by the anticipated duration of the experi-
ment. The following standard protocol was used in systems
where ferrous iron was not anticipated to be depleted for at
least 20 min. Typically, 10 g of sediment and 40 mL of spring
water were combined in a 60 mL serum bottle. Each assay
included an added-Fe(II) treatment, an unamended treatment,
and a killed control. Treatments were assayed in triplicate. The
added-Fe(II) treatment included addition of 50 μM Fe(II) (as
FeSO4·7 H2O) to samples from springs with native
concentrations less than 25 μM, while 150 μM Fe(II) was
added to samples from all other systems. This range in Fe(II)
allowed an assessment of maximum metabolic capacity of each
system and better resolution of rate constants. Killed controls
were fixed with 6 mM sodium azide that had its pH matched to
the spring. All chemical fixatives have some uncertainty
surrounding their effectiveness and potential for secondary
reactions, but 6 mM sodium azide has previously been shown
to be effective at inhibiting FeOB,9 does not interfere with
Fe(II) method, and has been shown to not oxidize or reduce
iron at the conditions of the sample locations. These killed
controls had the same amount of additional Fe(II) as the
added-Fe(II) treatments. A summary of treatment parameters
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is given in Table 3. Measurements of ferrous iron
concentration were assayed by the sampling method outlined

above at a time interval appropriate for the anticipated abiotic
rate. The interval was around 30 min for springs with pH < 7
and 10 min for springs with pH 7−7.5.
An alternate protocol was used in systems where ferrous iron

was expected to be fully depleted in the experiments in less
than 20 min (rapid oxidation protocol). Modifying the protocol
permitted more accurate rate measurements at these kinetic
extremes. The duration of an experiment during which
microcosm water is equilibrating with the atmosphere, coupled
with the typically low concentration of Fe(II) in these
locations, can create variations in reaction progress and pH
before data collection can begin. These difficulties can lead to
large uncertainties that impede distinguishing rates among
treatments. To compensate, all treatments included added
ferrous iron. Replicates were performed sequentially to
minimize equilibration time, with water drawn directly from
the sample location with a syringe and immediately added to a
serum vial. Reagents were appended immediately. Duration
was measured from the moment the Fe(II) reagent was added.
Treatments included a rapid oxidation protocol-added-Fe(II)
(ROP-added-Fe(II)) microcosm and a filtered control, each
with 3 replicates. The ROP-added-Fe(II) treatment is the same
as the added-Fe(II) standard procedure described above and
provides rates inclusive of all biotic and abiotic processes. The
filtered treatment consisted of 0.2 μm filtered water from the
natural system to provide abiotic oxidation rates. Both
treatments had ∼56 μM added Fe(II) (see Table 3). Results
of several iterations of various sample protocols revealed that
filter sterilization is the most representative of in situ abiotic
rates in situations where abiotic oxidation is extremely rapid.
The primary objective of this treatment is to minimize
oxidation of components in the sample fluid and maintain the
system pH by minimizing degassing, precipitation, and
dissolution of atmospheric O2. A limitation of this treatment
is that any mineral catalysis is unmeasured, although these
changes to the rate are expected to be minor relative to the rate
of reaction in solution. Test experiments show that addition of
sodium azide required several minutes of equilibration before
measurements of Fe(II) and pH are reliable, even when the pH
of the azide solution is matched to the pH of the system.
2.4. Community Composition. DNA extraction from

sediments for community identification was performed in Prof.
Eric Boyd’s laboratory at Montana State University, using
methods analogous to those of Colman et al.35 Briefly,
approximately 250 mg of thawed sediment or mat sample was
used with a DNA extraction kit (MP Biomedical FastDNA spin
kit for soils). DNA was quantified with the Qubit DNA assay
kit and a Qubit 2.0 fluorimeter (Life Technologies). PCR was

performed using universal 16s rRNA primers 515F
(GTGCCAGCMGCCGCGGTAA) and 806R (GGAC-
TACHVGGGTWTCTAAT). An ∼1 ng amount of purified
genomic DNA was subjected to PCR in triplicate using an
initial denaturation at 94 °C (4 min), followed by 35 cycles of
denaturation at 94 °C (1 min), annealing at 55 °C, primer
extension at 65 °C (1.5 min), and a final extension step at 65
°C (20 min). The PCR mixture contained 2 mM MgCl2, 200
μM deoxynucleotide triphosphate, 0.5 μM each forward and
reverse primer, 0.4 mg/mL bovine serum albumin, and 0.25
units of Taq DNA polymerase in PCR buffer (all reagents,
Invitrogen) for a total volume of 50 μL. A 4 μL aliquot of each
PCR product was run on a 2% agarose gel to ensure
amplification. Triplicate PCR products were then pooled and
purified using the Wizard PCR cleanup system (Promega) per
the instructions, yielding a final volume of 50 μL. DNA was
quantified again using the Qubit system. PCR products were
sent to the MrDNA laboratory (Molecular Research LP,
Shallowater, TX, USA) for sequencing using the Illumina
MiSeq system with >30,000 reads per assay. Postprocessing
was performed with Mothur36 using methods previously
described.35,37 Briefly, the paired reads were merged and
trimmed to a maximum length of 250 bases, with chimeras
removed. Operational taxonomic units (OTUs) were assigned
at a sequence similarity of ≥97% using the nearest neighbor
method and classified using the latest Silva database,.38,39

Chloroplast and mitochondrial 16s reads were removed.
Figures used in this work rely on these Silva database results.
For better taxonomic resolution, OTU sequences at ≥1%
abundance for each sample location were manually searched
with the NCBI 16s rRNA sequence library using the BLASTn
tool. A complete listing of those results can be found in the
Supporting Information.

2.5. Speciation Calculations. Speciation calculations
were performed with compositional data from each system
using the EQ3 software package.40 Thermodynamic data used
for these speciation calculations were taken from Helgeson et
al.,41 Shock et al.,42,43 Shock and McKinnon,44 Sverjensky et
al.,45 and Shock,46 together with estimates obtained in this
work as described in section S1 of the Supporting Information.
Briefly, thermodynamic properties of FeHCO3

+, FeCO3(aq),
Fe(CO3)2

−2, NaCO3
−, NaHCO3(aq), KCO3

−, KHCO3,
NH4CO3

−, and other relevant carbonate and bicarbonate
aqueous species were estimated using the methods outlined in
section S1.45,47−49 Equilibrium constants for these species at
25 °C and 1 bar reference conditions were obtained from the
literature (see section S1 of the Supporting Information for
references). The thermodynamic properties were used to
generate equilibrium constants at appropriate temperatures
calculated with the revised Helgeson−Kirkham−Flowers
equation of state50 using the CHNOSZ software package.51

These equilibrium constants were used to add the metal
(bi)carbonate species to a thermodynamic database consistent
with the references above and an extended Debye−Hückel
equation for activity coefficients.52 See section S1 of the
Supporting Information for details.

3. RESULTS AND DISCUSSION
3.1. Rate Experiments. Experiments to determine the rate

of biological and abiotic iron oxidation were performed at 10
locations. The systems chosen for these experiments vary
dramatically in geochemical composition, but all showed
evidence that they host iron oxidation. A primary objective of

Table 3. Microcosm Rate Experiment Parameters

treatment
iron source,
μM Fe(II)a sterilization

standard
protocol

added Fe(II) 50−150 b

unamended b b
killed 50−150 6 mM azide

rapid oxidation
protocol

ROP-added Fe(II) 56 b

filtered 56 0.2 μM filtration
aFe(II) from FeSO4·7H2O.

bNot applied to this treatment.
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the experiments was to determine the conditions that favor
biological oxidation, as well as the conditions that exclude
biology. Biological oxidation was detected at six locations,
while abiotic rates were determined at all 10 experiment
locations. Abiotic rates ranged from inconsequential, to
oxidation too fast for biology to compete. Results show pH
and DIC as major determinants of biological iron oxidation
activity.
The standard protocol allowed measurement of three rates:

the overall in situ rate (unamended treatment), the abiotic rate
(killed control), and a Fe(II) substrate enhanced rate (added
Fe(II) treatment), each determined in triplicate (see
parameters in Table 3). A representative example of data
collected during a field experiment using the standard protocol
at field site 150907F, an iron mat at Rablönch, is shown in
Figure 1 (data in Table S5). Changing concentrations of Fe(II)
over the duration of the experiments are shown in Figure 1A.
The unamended measurements (red points) have an initial
Fe(II) concentration equal to that found naturally in the
springs, which approaches the detection limit after ∼275 min.
This near complete Fe(II) depletion means the measured rate
is a minimum value, as the time elapsed when the experiments
become fully depleted can only be constrained to duration
between measurements. The results from these unamended
treatments are inclusive of both biotic and abiotic oxidation.
Added Fe(II) treatments (blue points) featured ∼50 μM
Fe(II) added to assess the maximum capacity of the system to
oxidize iron. In this case, the replicate initial concentrations are
130 μm, which decrease to 20 μm after ∼275 min. The abiotic
rate was determined from the killed controls (black points).
These replicates contain the same initial concentration of
Fe(II) as the added-Fe(II) treatments, except that 6 mM azide
was added to inhibit growth. The initial concentrations are also
close to 130 μm, but are depleted to only 30 μm after ∼275
min. The differences in rates between the black and blue points
are attributable to FeOB in the sediment.
The same experimental data are plotted as the natural log of

the Fe(II) concentration in Figure 1b. The linearity of the
plots in Figure 1b reveal pseudo-first-order kinetics for these
field experiments; the slopes of the lines yield rate constants,
kox, for the oxidation reactions. Rate constants are the most

directly comparable measurements among replicates and
between systems, as they are independent of the initial
concentration of Fe(II). The greater rate constants exhibited
by unamended and added-Fe(II) treatments indicate rates that
are enhanced by iron oxidizers compared with the killed
controls. Rate measurements from all standard protocol
experiments, including rate constants, rates, and half-lives,
can be found in the upper part of Table 4, and plots analogous
to Figure 1, together with the experimental data for all
standard protocol experiments, are collected in the Supporting
Information (Tables S2−S7 and Figures S8−S12).
In situations where ferrous iron is depleted in less than 20

min, the standard protocol is not sufficient to resolve
differences in rates between treatments. In such systems the
rapid oxidation protocol was implemented to attempt to
distinguish biotic rates from the rapid abiotic process and to
provide greater resolution. An example of data from field
experiments using the rapid oxidation protocol at site
150907G, an outflow of Rablönch on unstained travertine, is
shown in Figure 2 (data in Table S15). The plots are
analogous to those in Figure 1, but note the much shorter
duration of experiments. The ROP-added-Fe(II) treatments
(blue points) include sediment, water, and an additional ∼55
μm of Fe(II). The filtered treatments (black points) have only
0.2 μm of filtered spring water and added ∼50 μm of Fe(II). In
this example, biological iron oxidation was not detected in the
experiments that include sediments, leading to the conclusion
that the observed rate is dominated by abiotic processes. The
filtered, abiotic rate slightly exceeded that of the FOP-added-
Fe(II) treatment, suggesting that processes in addition to
oxidation may be happening. Possibilities include desorption of
Fe(II) from the sediments or increased chelation from organic
compounds in the sediments, either of which would make the
concentration of Fe(II) appear to decrease using the 1,10-
phenanthroline test. If the change in concentration is driven by
extremely rapid chemical oxidation, any increase in the rate
owing to heterogeneous oxidation by ferric minerals is
negligible. Rate data from all rapid oxidation protocol
experiments can be found in the lower section of Table 4.
Reported data include rate constants, half-lives, and initial rates
for each replicate. The abiotic component of the rate is

Figure 1. Iron oxidation experimental results (150907F) for a Rablönch iron mat, using the standard rate experiment protocol. Analogous plots for
other experiments can be found in section S3 of the Supporting Information. Blue, red, and black points represent added Fe(II), unamended, and
killed treatments, respectively. The three shapes correspond to one of three replicates for each treatment. Panel a shows data as collected during
field experiments. The added-Fe(II) (blue) and killed (black) points both have added ferrous iron, which is why the initial concentration is higher
than the unamended (red) points. Panel b shows the same data plotted on a natural logarithmic scale, revealing the first-order kinetics of the
reaction. Lines reflect linear fits that are indicative of the rate constant.
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included in the ROP-added-Fe(II) and unamended treatments,
so these values are the sum of abiotic and biotic processes.
Minimum rates are reported for Jöri Lake XXI (150909M) and
Arvadi spring (150905A), because extremely rapid abiotic
oxidation in these systems caused the concentration of ferrous
iron to be depleted to close to the detection limit by the time
the third data point was taken (typically less than 1 min).
While both the ROP-added-Fe(II) and filtered treatments
showed minimum rates, biological oxidation is presumed to be
excluded in the bulk system by the lack of bioavailable ferrous
iron.
Taken together, the rate experiments show that oppor-

tunities for biological Fe(II) oxidation are fundamentally
determined by geochemistry, especially the pH. Results show
that FeOB are responsible for the majority of the Fe(II)
oxidation in systems with pH < 7, while the extremely rapid
chemical oxidation in systems at and above pH ∼ 7.7
effectively preclude FeOB. Results from all experimental
locations summarized in Figure 3 allow comparison of rate
constants determined in the live microcosms (red dots) with
the abiotic oxidation rate constants (black squares). The
depicted live microcosm values are the average rate constant of
3 replicates of the unamended or added-Fe(II) treatments
(only the ROP-added-Fe(II) treatment for rapid oxidation
protocol experiments), whichever is larger. The average rate
constants obtained in both treatments are typically similar, as
anticipated from the reactant-independent rate law. The
abiotic rate constant is the average of 3 replicates of the killed
or sterilized treatment depending on the protocol for each type
of experiment. Error bars indicate one standard deviation. The
abiotic rate constants measured in these systems increase
dramatically as pH increases, consistent with the known
mechanisms and speciation models discussed below, and
exceed the rate of iron oxidation in the live microcosms at pH
≥ 7.7. Below this pH, the oxidation rate constants of the live
microcosms fall in a relatively consistent range, suggesting that
the in situ FeOB communities are operating efficiently near
their maximum physiological capacity. At pH values ≥ 7.7, the
abiotic rates become so rapid that FeOB communities appear
to be excluded.

It should be noted that the live microcosm rates shown in
Figure 3 are the sum of all biotic and abiotic processes and do
not have the abiotic contributions subtracted. Therefore, the
difference between the live microcosm and abiotic points
represents the contribution to oxidation rate of oxidation by
FeOB. These differences, represented as the percentage of
Fe(II) oxidation attributable to biology, are depicted in Figure
4, where it can be seen that the biological oxidation of iron
could not be detected above about pH = 7.5. Percentages are
calculated from the initial instantaneous rates (found in Table

Figure 2. Fe(II) oxidation experimental results using the rapid oxidation protocol at site 150907G, an outflow of Rablönch on an unstained
travertine terrace. Analogous plots for other experiments can be found in the Supporting Information. Blue points represent the ROP-added-Fe(II)
replicates, while black points indicate the filtered (abiotic) treatments. Panel a shows data as collected during field experiments. Both data sets have
added ferrous iron (see text). Note the short duration of each experiment. The added-Fe(II) and filtered treatment rates are nearly
indistinguishable, suggesting biological iron oxidation is not present. Panel b shows the same data but plotted on a natural logarithmic scale,
revealing the first-order kinetics of the reaction. Lines reflect linear fits that are indicative of the rate constant.

Figure 3. Rate constants from live microcosms (red) and abiotic
microcosms (black) in Swiss springs and lakes. Values are the average
of three replicates reported in Table 4. Error bars signify ±1 standard
deviation. Live microcosms indicate either the unamended or added-
Fe(II) treatment, whichever is faster; The rate constant for the
unamended treatment is shown for 150906B and 150907F, while the
added-Fe(II) treatment is depicted for 150906C, 150911T, 150909K,
and 150910O (for sample ID see Tables 1 and 2). Live microcosm
rate constants reported here are those measured in the field and do
not have the abiotic contribution subtracted. The contribution of
FeOB to the rate is the difference between each pair of red and black
points. Abiotic microcosms indicate either killed or filtered treatment,
depending on the protocol used in that experiment. Biological
contribution to the oxidation of iron was not detected above pH 7.4.
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4), as these are most indicative of rates in the natural systems
where substrate flux is constant (unlike in the microcosms).
Since measured biological rates between locations typically
vary by less than 1 order of magnitude, the abiotic rate dictates
how much ferrous iron is bioavailable to FeOB. Considering
that the solubility of Fe(II) is low at pH > 8, and the abiotic
oxidation rate is so rapid, the maximum attainable supply of
Fe(II) is unlikely to be sufficient to support communities of
FeOB. These results do not necessarily completely exclude
individual microbes or fleetingly small populations of FeOB at
these conditions, but indicate that FeOB populations are
unlikely to make large contributions to productivity in these
ecosystems.
3.2. Speciation. The geochemical composition of a natural

system determines the form that ferrous iron takes in solution,
and ultimately dictates abiotic iron oxidation rates. As an
example, increasing concentrations of bicarbonate were found
to significantly increase the abiotic iron oxidation rate even
while pH was kept constant.21 These observations led to the
hypothesis that aqueous ferrous bicarbonate or carbonate
complex species were responsible for the increased rates.
Speciation of ferrous iron in bicarbonate media was
determined by Bruno et al.,25 which enabled quantification
of the rate constants for individual chemical species.26

Formation of these ferrous (bi)carbonate species partially
explains the observed abiotic rates above. Bicarbonate and
carbonate ions, which constitute the bulk of the DIC at the pH
values of these samples, are also the most abundant anions in
the springs and lakes in this study (Table 5), as illustrated by
the plot shown in Figure 5. Conductivity is a close proxy for
total dissolved ionic species, and the approximately linear
distribution of points in Figure 5 suggests that conductivity is
strongly influenced by the abundance of bicarbonate and
carbonate ions dissolved in the water. These solutes likely
reflect weathering of the abundant carbonate minerals in the
region of the springs (Rablönch, Val Sinestra, and Alvaneu).
Here, the carbonate, bicarbonate, and sulfate stem from ion
exchange with the sediment phases of the Bünden shale

(Rablönch and Val Sinestra) and from subsurface weathering
of gypsum containing dolomite (Alvaneu), respectively. At Jöri,
however, the low bicarbonate and carbonate stem from
chemical weathering of silicate minerals by carbonic acid.
Local geology determines the second most abundant anion in
these waters, which is typically either sulfate or chloride. The
resulting bicarbonate-rich waters were found to strongly
control the aqueous ferrous iron speciation.
In the present study, new estimates of standard state

thermodynamic properties of aqueous carbonate and bicar-
bonate complexes permit speciation calculations at a wide
variety of temperatures and pressures. The methods by which
these estimates were made are detailed in section S1 of the
Supporting Information. Predicted equilibrium constants for
carbonate and bicarbonate complexes, together with the
analytical data for major ion concentrations, pH, and DIC
abundances (Table 5) allow speciation calculations. [Note that
two values of DIC are reported in Table 5 for some samples.
Values reported in parentheses were measured, and those
calculated from considerations of charge balance were used in
speciation calculations. These adjustments were made on
samples for which charge imbalance was greater than 10%.
Typically, samples with charge imbalances showed small
amounts of precipitate in sample vials after analysis, consistent
with anomalously low bicarbonate concentration.] The
samples for geochemical analyses were taken at the locations
where water was taken for rate experiments and as close as
possible in time to the start of the corresponding experiments.
A Bjerrum diagram, calculated with thermodynamic data

from section S1 in the Supporting Information, that depicts the
speciation of Fe(II) at 25 °C in a solution containing
millimolar DIC, is shown in Figure 6a, where it can be seen
that Fe2+ is the most abundant species at pH < 7. The
carbonate complexes FeCO3(aq) and Fe(CO3)2

−2 dominate
between pH 7 and 9, and pH > 9, respectively. The
bicarbonate complex is significant around a pH of 7 but is
never the most abundant species. The hydroxide species
FeOH+ and Fe(OH)2(aq) that dominate circumneutral ferrous
speciation (and dictate rates) in dilute solution are several
orders of magnitude less abundant than the inorganic carbon
complexes.
Speciation calculations performed for each of the carbonate

springs are summarized in Figure 6b, which shows the
calculated percentages for each species (data in Table S21).
Fe2+, represented by black bars, is typically the most abundant
species in springs with pH < ∼7. The FeHCO3

+ species is
calculated to compose up to 25% of the Fe(II) in springs
between pH 6 and 7 and is a minor component at higher pH
values. The abundance of FeCO3(aq) increases dramatically
from a few percent at pH 6 to become the most abundant
species at pH > 7.5. Owing to the DIC concentrations,
Fe(CO3)2

−2 is a minor contributor to Fe(II) speciation at pH
values greater than 7.5. Despite this feeble presence, this
species can increase the rate substantially.26 In addition,
FeSO4(aq) is a minor contributor to the speciation of Fe(II) in
most samples but is the most abundant species in the spring at
pH 7.3 (150911T) due to a relatively low DIC content and
abundant sulfate.
The Jöri lake systems are extremely dilute (Table 5), and the

bulk lake waters of most locations were below the detection
limit for Fe(II). Speciation calculations were only possible on
three samples (not shown), yielding results showing abundant
FeOH+, Fe(OH)2, and Fe2+. It can be assumed that the other

Figure 4. Percentage of oxidation attributable to biology plotted
against the pH of each system. Percentages calculated from average
rate constants of triplicate experiments reported in Table 4 and shown
in Figure 3. Error bars represent the propagated percent standard
error of three replicates of both the live and abiotic microcosms.
Environments at pH ≤ 7.4 support biological oxidation, whereas
systems at higher pH values have such rapid abiotic rates that
biological iron oxidation was not detected.
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lakes’ samples would be speciated in similar ways given their
similar compositions that are low in DIC. Biological iron
oxidation in the lake sediments is likely happening at the oxic/
anoxic boundary in the sediments, as suggested by 1−2 cm
bands of iron oxide at approximately 3 cm sediment depth in
Jöri Lake 2. Pore water compositions reported by Steiner et
al.53 also suggest elevated ferrous iron in the sediments relative

to the overlying water. The sediment pore waters are likely to
speciate similarly to the overlying water due to the low DIC
concentration, suggesting abiotic oxidation rates would be
similar to those found in laboratory experiments on dilute
solutions.17,19

Overall, the speciation results provide an additional layer of
information for explaining the observed oxidation rates. They
show that ferrous iron speciation in the springs is dominated
by ferrous (bi)carbonate complexes and Fe2+. As a result, the
speciation results demonstrate that laboratory studies on
oxidation rates for individual aqueous species can be relevant
to natural ferrous iron containing systems with relatively
abundant DIC. Our rate experiments do not allow us to
elucidate rate constants for individual species (eq 2), but the
combined results implicate speciation as contributing to the
rapid abiotic rate and thereby excluding FeOB.

3.3. Sediments. Most microbes, including the majority of
FeOB, are found in the sediments in these springs and lakes.
Characterizing the sediments for organic carbon and iron
content permits estimates of the biomass content and identity
and extent of mineral product formation. Results of sediment
analysis, including minerals (XRD), total and organic carbon
(EA), and their isotopic compositions (IRMS) are given in
Table 6.

3.3.1. Carbon in Sediments. Cold spring sediments
primarily contain carbonate minerals, and calcite and dolomite
are the most common phases identifiable by XRD. Ferric
minerals were not identified by XRD, despite the deep red
staining observed in the springs. The organic carbon content of
the spring sediments is typically low, with values ranging from
0.09−0.25%. The organic C is always isotopically light, −23.4
to −29.5. Most springs do not contain significant plant
detritus, so these values are likely indicative of microbial
biomass. One exception is Arvadi at 0.92% organic C, which
contains abundant decaying forest debris. All of the springs

Figure 5. Dissolved inorganic carbon (DIC) in Swiss Jöri mountain
lakes and springs plotted against measured conductivity. Weathering
of local carbonate rocks makes bicarbonate and carbonate ions
abundant in solution, and as a result DIC increases with conductivity.
The origin of of DIC in the springs is as follows: Rablönch and Val
Sinestra, release of bicarbonate from shale deposits of the former
Tethys ocean; Alvaneu springs, subsurface dissolution of midtriassic
dolomite. The DIC in the Jöri lakes is up to 1000× less than in the
springs. In the Jöri catchment DIC stems from the weathering of
silicate gneiss rocks by carbonic acid from the atmosphere. The
atmospheric carbonic acid loses a proton during the weathering
process and becomes bicarbonate.

Figure 6. Calculated speciation of Fe(II) in bicarbonate media. (a) Bjerrum diagram showing the speciation of Fe(II) in aqueous solution at 25 °C,
containing 10−5 M total Fe(II) and 10−5 M total CO3

−2. Equilibrium constants taken from literature values reported in section S1 of the Supporting
Information. This plot was calculated using the CHNOSZ software package,51 together with a modified database developed in this study (see
section S1 in the Supporting Information). (b) Speciation of Fe(II) in iron springs. Pairs of springs at pH values of both 6.6 and 7.9 have been
offset on the plot to allow all four speciation results to be visible. Black, blue, red, and white bars represent Fe2+, FeHCO3

+, FeCO3(aq), and
FeSO4(aq). The dissolved Fe(II) in springs below pH 6.6 is mostly Fe2+, while FeHCO3

+ is found at 15−25% in this range. FeCO3(aq) becomes
abundant at pH 7 and above. Springs with relatively high concentrations of sulfate show minor concentrations of FeSO4(aq). Other species,
including Fe(CO3)2

−2, are present in amounts < 0.5% and can be found in the Supporting Information. The spring samples are as follows (from left
to right): 150906C, 150907F, 150906B, 150908H, 150906D, 150911T, 150908J, 150907G, and 150905A. For spring designation see Table 1.
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have significant total carbon contents as expected from XRD
results, with values ranging from 2.7 to 11.5% C by dry weight.
If the assumption is made that all of the inorganic C is
carbonate, then carbonate makes up 14−57% of the total
weight of the sediments.
Jöri lake sediments contain only quartz and other silicate

minerals. The organic carbon content of the lake sediments
ranges from 0.10 to 2.47%, which is considerably higher than
that of the spring sediments. These lakes are situated several
hundred meters above the tree line, with only sparse seasonal
plants dotting the landscape. This implies that the source of
organic carbon is largely from autotrophic biomass. The water
column in lake XIII, with the highest organic sediment C, is
dense with phototrophic biomass. The isotopic composition of
the biomass C in the lakes is heavier than that in the iron
springs. Total C measurements were not made in lake
sediment samples because inorganic C was expected to be an
insignificant component of the sediments.
3.3.2. Iron in Sediments. Ferric minerals are apparent in

iron springs by red staining. The amount of iron present as
ferric minerals was measured by reductive dissolutions with
hydroxylamine and HCl, as well as Fe(II) in sediments
determined by HCl extraction.33 These iron values, along with
water content of wet sediments, are shown in Table 6. All
spring sediments at Alvaneu Bad and Val Sinestra showed
relatively large concentrations of Fe(II). Given the strong drive
toward oxidation, these relatively high values suggest biological
reduction is occurring in the sediments. Sediments at Rablönch
did not contain large concentrations of Fe(II). The amorphous
ferric mineral content of all the springs ranged from 0.33 to
13.5% Fe by dry weight.
Lake sediments have much lower total iron concentrations.

Lakes XIII and II, where iron oxidation was detected, have
greater concentrations of Fe(II) in the sediments than the
other lakes. Accumulations of Fe(II) in sediments suggest the
presence of iron reducing microbes and is indicative of the
source of Fe(II) for oxidation. The ferric mineral content of

the samples is below the detection limit of the reductive
dissolution method, which is 0.0005 wt % Fe. Despite this lack
of detection, a lightly stained 1 cm band of apparent ferric
minerals was observed at 3 cm depth in lake II. Biological
Fe(II) oxidation detected by experiment at this location
(150910O) suggests this lake hosts complete microbial redox
cycling. Other lakes in the area have relatively small sediment
concentrations of Fe(II) and ferric minerals (Table 6) and are
less redox active.

3.4. Study from Subsurface Geochemistry to Com-
munity Composition. Surface microbial community compo-
sitions reflect subsurface geochemistry and sediment processes.
Isotope studies have revealed the source of water enriched in
DIC that leads to the observed geochemical composition of
springs in the region.54−56 Likewise, a study of metals in the
Jöri lakes provides a framework for iron cycling based on a
redox gradient in the sediments.53 These studies set the
background for linking the observed metabolic activity of the
microbial communities to subsurface processes.

3.4.1. Subsurface Processes Control Fluid Composition.
The isotopic composition of the water suggests extensive
water−rock interaction in the source water of springs but
meteoric water in the lakes. Stable isotopic composition of H
and O in water of springs, lakes, and fresh water in the area are
shown in Figure 7 (data in Table S23). Global and local
meteoric water lines are included for reference. Note that the
Jöri lakes’ samples (black squares) fall close to these lines. The
dilute nature of the lakes combined with the isotopic
information support a conclusion that the lakes are composed
of meteoric water with minimal water−rock interaction. This
contrasts with most of the mineral springs (open squares),
which show an oxygen enrichment, or a deuterium depletion,
relative to both meteoric water lines. These isotopic
compositions are interpreted to result from deep water−rock
interactions.
The source of CO2 in the springs of the lower Engadin

region, which includes Rablönch and Val Sinestra, was

Table 6. Sediment Carbon, Iron, and Mineral Compositiona

sample ID
organic carbon,

%b
δ13C

vPDB, ‰
total carbon,

%b
δ13 C

vPDB, ‰
Fe(II),
dry wt %

Fe(III),
dry wt %

sediment H2O,
mass % minerals

150907F 0.12 −26.2 8.2 2.35 0.05 4.32 ± 0.2 32 dolomite, calcite, quartz
150908J 0.09 −28.2 11.3 7.89 0.12 1.24 ± 0.28 49 calcite
150907G 0.09 −24.0 11.5 8.83 0.05 0.33 ± 0.04 56 calcite
150906B 0.15 −27.6 5.7 2.14 0.3 13.53 ± 0.35 71 calcite
150906C 0.25 −23.4 2.7 −0.57 1.0 5.03 ± 1.04 75 quartz, calcite, clinochlore,

illite
150908H 0.13 −23.9 5.0 1.51 0.25 2.11 ± 0.44 28 quartz, calcite
150905A 0.92 −29.5 8.0 6.94 0.18 1.98 ± 0.19 62 calcite, dolomite, quartz
150911T 0.12 −27.1 8.1 −0.07 0.12 0.35 ± 0.02 22 quartz, dolomite, calcite
150909K 2.47 −23.7 ND ND 0.18 BDL 68 quartz, illite
150909L 0.53 −18.6 ND ND 0.03 0.02 ± 0.02 26 quartz, albite
150909M 1.27 −22.8 ND ND 0.01 0.02 ± 0.004 37 quartz, clinochlore,

muscovite
150910O 0.37 −16.4 ND ND 0.09 BDL 41 quartz, illite, clinochlore
150910Q 0.22 −14.7 ND ND 0.01 BDL 21 quartz, illite, clinochlore
150910R 0.10 −18.1 ND ND 0.01 0.01 ± 0.001 15 ND
150910S 0.58 −20.6 ND ND 0.02 0.03 ± 0.001 37 ND

aOrganic carbon measured by acidifying dry sediment samples to remove inorganic carbon. Organic carbon is generally indicative of microbial
biomass in the system, with the exception of Arvadi, which had abundant plant organic matter in the sediment. Total carbon is measured on
unacidified samples and contains organic and inorganic carbon. Minerals were identified by XRD. No iron minerals were identified despite often
intense iron staining. Samples were frozen prior to analysis to minimize redox processes or other alteration. For sample designations see Tables 1
and 2. ND, not determined; BDL, below detection limit. bDry mass percent.
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determined by Wexteen et al.54 to ultimately arise from
metamorphic reactions deep in the subsurface. In their model,
the CO2 rises and infiltrates a carbonate-rich aquifer, which
results in DIC-rich water with high conductivity. They showed
that dozens of mineral springs in the area can be grouped
based on their anion and water isotope composition. Some
springs fall close to the LMWL, but the most mineralized
springs are enriched in18O. Evaporation could generate the
observed δ18O values, but this was determined to be unlikely
due to current and past climate conditions in the region and
conclude that water−rock reactions are the most plausible
explanation for the observed δ18O values.54 These findings are
consistent with our observations of higher concentrations of
DIC (here a proxy for water−rock interaction) leading to
depleted δ18O values, as shown in Figure 8. Isotopic data
reported by Strauss et al.56 show less oxygen depletion for
many samples from many of the same regional locations,
inconsistent with the other studies and our data. Bissig et al.55

constructed a conceptual model of groundwater and gas fluxes
in the region, leading to the conclusion that there are two end-
member sources of water: the DIC-rich aquifer and shallow
groundwater. Rablönch and Val Sinestra area springs are
composed predominantly of the deeper aquifer end-member
fluid, rich in DIC and Fe(II). Consequently, these locations
support the fastest rates of microbial Fe(II) oxidation and, as
discussed next, contain the largest percentage of putative iron
oxidizers.
3.4.2. Fluid Composition Control of Microbial Commun-

ities. Small subunit rRNA (16S rRNA) gene sequencing shows
putative iron oxidizing bacteria are present in every system
(data in Tables S24−S27). Archaeal iron oxidizing organisms
were not identified. The dominant FeOB genus in almost every

system is Gallionella, which ranges from 1.2 to 46% of the total
community. The relative percentage of organisms putatively
involved in iron redox metabolism are shown in Figure 9. Note
that results in Figures 9 and 10 come from the Silva database.
OTU abundances using the NCBI 16s rRNA database are
similar, but not always identical, to results using the Silva
database. Notably, some sequences identified as Sideroxydans
by the NCBI database are identified as Gallionella by the Silva
database. The data are presented in order of decreasing
conductivity. In general, the higher the conductivity, which
isotopic and geochemical data suggest is a proxy for water−
rock interaction, the more putative iron oxidizers are present in
the system. In addition to Gallionella, other putative FeOB

Figure 7. δ2H vs δ18O of all water samples collected in this study,
including Jöri lakes (black squares), Rablönch and Val Sinestra
(empty squares), Alvaneu Bad (empty triangles), and fresh water
(circles) from the region (reported in per mil (‰) vs VSMOW).
Fresh water samples include piled snow, creeks, rivers, and rain. The
Global Meteoric Water Line (GMWL), as reported by Craig,57 and a
Local Meteoric Water Line (LMWL) reported by Strauss et al.56 are
included for reference. Samples from the Jöri lakes and Alvaneu are
consistent with meteoric recharge. Many of the cold springs plot to
the right of the LWML, which can be caused by either an enrichment
toward higher 18O/16O ratios or a depletion in 2H, and are interpreted
as resulting from water−rock interaction (see text). The thick dashed
lined is the linear fit of Rablönch and Val Sinestra springs, with the
equation δ2H = 5.1 δ18O − 35.1.

Figure 8. Concentration of dissolved inorganic carbon vs δ18O (‰)
of water in cold springs. The linear distribution of data is suggestive of
subsurface water−rock interaction, most likely involving carbonate
minerals.

Figure 9. Microbial community, at the genus level, potentially
involved in iron redox cycling in Swiss springs and lakes. Samples are
arranged left to right from highest to lowest conductivity. All
experimental locations are represented, in addition to contextual
springs and lakes. Putative iron oxidizing genus Gallionella dominates
the iron mats, while Sideroxydans are abundant in two locations. For
sample designations see Tables 1 and 2
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genera present include Sideroxydans and Rhodobacter (photo-
ferrotrophs). Yuhana et al.57 also reported Rhodoferax
(photoferrotrophs) putative FeOB at Jori Lake XIII. Note
that not all cultured representatives of these genera are known
to oxidize iron.58 The generally ubiquitous FeOB Leptothrix is
poorly represented in all systems (<0.1%). Geobacter are a
genera of metal reducing organisms often implicated in ferric
mineral reduction. Significant numbers of these organisms
were detected in several locations, notably a spring at Alvaneau
(15911T) and most of Jöri lake sites, which is strongly
suggestive of coupled microbial iron oxidation and reduction.
In comparison with the spring communities, lake samples show
lower percentages of all putative FeOB. Gallionella are still the
largest percentage of apparent FeOB in these systems, with a
range between 0.74 and 1.35%. Further microbial community
results can be found in section S5 of the Supporting
Information.
The pH, O2, and Fe(II) niches of Gallionella and Leptothrix

overlap, but the optima are not the same.15 Abundance of
operational taxonomic units in the Gallionella genus as a
percentage of the total community are shown in Figure 10
plotted against pH, ferrous iron, dissolved oxygen, and
conductivity. Gallionella reached the largest percentages
between pH 6.0 and 6.5 (Figure 10a), consistent with the
optimum range of pH 6.3−6.6 described by Kucera and
Wolfe.59 In Figure 10b there is a positive trend of Gallionella
percentage with Fe(II). Concentrations of Fe(II) higher than

100 μm lead to percentages between 7.5 and 46%. Bulk
dissolved oxygen concentrations close to saturation appear to
limit Gallionella (Figure 10c). The optimal dissolved oxygen
range for Gallionella reported by Hanert60 is 5.6−56 μm. Our
findings show no apparent issues with Gallionella growing at
O2 concentrations as high as 160 μm. Gallionella are most
abundant in locations with high DIC (Figure 10d), further
implicating subsurface water−rock reaction in determining
community composition. It should be noted that our data
report geochemical composition of the water, and samples for
sequencing consist of approximately the top centimeter of
sediment. The actual geochemical concentrations experienced
by the organisms could vary from our measurements. OTUs of
the Sideroxydans genus plotted against the same geochemical
data do not show clear geochemical niche differentiation. Like
Gallionella, Sideroxydans have low abundance at O2 > 150 μm
(see Figure S16 in the Supporting Information). It is unclear
what causes the nearly complete absence of Leptothrix OTU
sequences, given that, for the range of pH, Fe(II) and O2 have
been found to support this putative FeOB. Fleming et al.61

identified low dissolved organic carbon as a primary
determinant of ecological niche of Gallionella, while Leptothrix
thrive in high DOC, high Fe(II)/Mn(II) environments. As
discussed above, all sample sites in this study have low
concentrations of DOC, with the highest concentration
reaching only 141 μm C, which may limit Leptothrix. Efforts
were made in this study to measure formate, acetate, lactate,

Figure 10. Presence of Gallionella in the sediment, as percent of total community, plotted against geochemical variables. Gallionella are most
abundant between pH 6 and 7 (a), at concentrations of Fe(II) > 50 μm (b), and at bulk oxygen concentrations below ∼200 μm (c). Higher DIC
concentrations also leading to higher abundances of Gallionella (d), possibly corresponding to increased water−rock reaction and correspondingly
elevated concentrations of Fe(II).
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and propionate but showed that these organic acids were all
close to or below the detection limit (∼10 ppb), as
documented in Table S22 in the Supporting Information.
3.4.3. Microenvironments. Many authors have recognized

that FeOB must compete for available Fe(II) with the rapid
abiotic oxidation rate.4,14,16,62 Here we have characterized rates
in 10 geochemically variable systems to determine conditions
that favor microbial oxidation and conditions where the abiotic
iron oxidation rate excludes the biotic process. Cold systems
with high concentrations of DIC appear to support microbial
Fe(II) oxidation below pH values of 7.4. While this does not
definitely exclude biological oxidation at higher pH values in
this temperature range, it does indicate that biological Fe(II)
oxidation is not a major contributor to the bulk iron oxidation
rate at high pH. It is possible that FeOB occur in
microenvironments or oxidize iron at rates below the detection
limits of the experiments. Indeed, Koeksoy et al.63 used most
probably number counts to determine that a small community
of FeOB inhabit Arvadi spring, a location featuring rapid
abiotic Fe(II) oxidation where our method did not detect a
biological signal. In most experiments, the difference in the rate
of biological and abiotic oxidation must be greater than 0.1
μM/min for the standard protocol or 0.05 μM/min for the
modified protocol to determine that biology is enhancing the
rate. Given that these are natural systems that experience
unknown compositional variability throughout the year and
that experiments are being done in remote locations, the
threshold for determining that biology is a major contributor
to the rate varies slightly among experiments.
Microenvironments of elevated Fe(II) and low levels of

oxygen that exist in layers buried in iron mats may extend the
pH range of FeOB greater than that observable by microcosm
experiments with bulk sediment and water. Microbial iron
reduction almost invariably accompanies iron oxidation.64−66

Biological reduction of the biogenic ferric minerals within iron
mats may permit low numbers of FeOB in systems where a
biological rate was not detected. Our reported values of Fe(II)
were sampled in the water right above the mat, but sediments
at many locations showed higher concentrations of Fe(II)
(Table 6). Our sequencing results often show low abundances
of putative metal reducers such as Geobacter. Indeed, Hegler et
al.5 determined that iron reduction was happening in situ at an
iron mat very compositionally similar (and geographically
close) to that of Rablönch. Sequencing results and visibly
apparent photosynthesis imply local oxygen concentrations
may also vary significantly from bulk values. The decay of
organic matter in the mats may also allow for chelated ferrous
ions to persist and extend their bioavailable tenure. Given these
caveats, biological iron oxidation may well occur at pH values
greater than those detected during our experiments, but it is
unlikely to be a significant biogeochemical process.

4. CONCLUDING REMARKS
Microbial Fe(II) oxidation has long been known to compete
with rapid abiotic oxidation in cold circumneutral systems.
However, as shown in this study, there are conditions where
the abiotic reaction is too fast for biology to compete.
Microcosm experiments reported here provide biotic and
abiotic oxidation rates at a variety of pH and other conditions
and reveal geochemical conditions that exclude microbial iron
oxidation. In these cold (8−12 °C), circumneutral systems,
biological iron oxidation was only detected up to pH 7.4.
Comparing relative biotic and abiotic rates suggests that the

maximum pH for biological Fe(II) oxidation of any
biogeochemical significance at the conditions studied is around
7.5. At higher pH values, ferrous iron is oxidatively precipitated
within seconds by abiotic processes, rendering it unavailable to
FeOB. This was determined to be the case in both the dilute
Jöri lake systems and the iron-rich springs. The underlying
cause for the expedited abiotic rate is the change in speciation
of Fe(II) in solution. More reactive aqueous species form at
higher pH values, especially the (bi)carbonate complexes that
form in the presence of dissolved inorganic carbon, as revealed
by new thermodynamic estimates. In systems with different
compositions than those reported here, such as locations
lacking bicarbonate or with abundant Fe(II)-stabilizing organic
compounds, alternate Fe(II) speciation may slightly alter the
pH values at which exclusively abiotic oxidation is observed.
FeOB make up a small percentage of the community in the Jöri
lakes, while they are dominant in the springs. The iron
oxidizing microbial communities are composed predominantly
of the genus Gallionella. The abundance of Gallionella in each
system depends on oxygen, Fe(II), and pH and largely agrees
with published data on geochemical niches of the genus. Taken
together, these data yield an inventory of magnitudes of biotic
and abiotic oxidation transformations of iron in these systems,
provide a geochemical explanation for the observed rates, and
describe the communities that oxidize Fe(II).
The kinetic challenge faced by iron oxidizing microbes in

circumneutral environments undoubtedly extends to all
temperatures where Fe(II) oxidation is physiologically
possible. Circumneutral iron oxidation has been studied
extensively at low temperatures, but reports from higher
temperature are scarce. Rate measurements in such systems are
non-existent. This is, in part, due to the fact that the iron-rich
circumneutral systems at elevated temperatures are uncom-
mon. Iron oxidizing microbes have been isolated from
mesophilic67 and thermophilic68 acidic systems. It is likely
that Fe(II) oxidizing microbes also inhabit circumneutral
environments at higher temperatures. Abiotic rates in such
systems are undoubtedly also dictated by pH and chemical
speciation. This implies there is a continuous boundary to the
habitability of the iron oxidation reaction in pH and
temperature space that is determined by the rate at which
biology cannot compete. Extreme kinetic dissipation rates exist
for numerous other solutes at conditions common on Earth’s
surface. Quantification of these rates relative to the rate
catalyzed by the microbial community can inform discussions
of the contribution of these reactions to habitability on Earth
and beyond.
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