
http://journals.cambridge.org Downloaded: 14 Jul 2016 IP address: 79.231.104.175

Using modern ferruginous habitats to
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Abstract: Early Earth processes are typically identified through the study of mineralogical, elemental and
isotopic features in the rock record, including Precambrian banded iron formations (BIF). However, post-
depositional processes often obscure the primary geochemical signals, making the use of BIF as proxies for
paleo-seawater and the paleo-biosphere potentially imprecise. Thus, alternative approaches are required to
complement the information gained from the rock record in order to fully understand the distinctive
biogeochemical processes on ancient Earth. Simulating these conditions in the laboratory is one approach,
but this approach can never fully replicate the complexity of a natural environment. Therefore, finding
modern environments with a unique set of geochemical and microbiological characteristics to use as
analogues for BIF depositional environments can provide invaluable information. In this review, we provide
an overview of the chemical, physical and biological parameters of modern, ferruginous lakes that have been
used as analogue BIF environments.
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The composition of Archean seawater has largely been inter-
preted through the study of BIF, Fe- and Si-rich chemical
sedimentary rocks that precipitated directly out of seawater
since at least 3.8 Ga years ago (Mloszewska et al. 2012).
BIF are typically composed of quartz (in the form of
chert), magnetite, hematite, Fe-rich silicate minerals (stilpno-
melane, minnesotaite, greenalite and riebeckite), carbonate
minerals (siderite, ankerite, calcite and dolomite) and minor
amounts of sulphide minerals (pyrite and pyrrhotite). The
presence of both, ferric and ferrous minerals give BIF an
average oxidation state of Fe2.4+ (Klein & Beukes 1992)
which means that 60% of Fe in BIF is made up by Fe(II).
The deposition of such a high quantity of iron as present in
BIF required transport of huge amounts of dissolved Fe(II),
most probably introduced by hydrothermal venting to the
seawater (Holland 1973), to the deposition sites in
Precambrian shelf regions where it was either microbially or
abiotically oxidized (Posth et al. 2013b). A mostly anoxic
water column was necessary to maintain Fe(II) remained in
solution. Under such conditions, oxidized anions as sulphate
(SO4

2−) were present in much lower concentrations (Table 1)
than nowadays resulting in a different microbial community
as well as a different elemental composition compared with
modern oceans (Habicht et al. 2002).

The iron minerals in BIF are of particular interest in studies
focusing on modelling the Precambrian seawater environment
(Fig. 1), and have been used extensively as proxies for the abun-
dance of trace metals in the ancient ocean (e.g., Bjerrum &
Canfield 2002; Konhauser et al. 2009; Mloszewska et al. 2012;
Partin et al. 2013; Robbins et al. 2013). While BIF mineralogy
reflects significant post-depositional alteration under diagenetic
and metamorphic conditions, the layers of magnetite and hema-
tite are interpreted to have formed from an initial Fe(III) (oxy-
hydr)oxide phase, e.g. ferrihydrite (Fe(OH)3) (Klein 2005;
Posth et al. 2008). It is thought to have precipitated in the photic
zone of the water column when dissolved ferrous iron (Fe2+) was
oxidized and hydrolysed to poorly soluble ferric iron minerals.
The Fe(III) (oxyhydr)oxide particles then sank through the
water column and deposited on the seafloor where they eventual-
ly transformed to: (1) magnetite or Fe(II)-containing carbonates
by abiotic and microbial Fe(III) reduction; (2) the more stable
Fe(III) oxide hematite in case the Corg content was low in sedi-
ments leading to dehydration of the Fe(III) (oxyhydr)oxides
under the elevated pressure and/or temperature; or (3) to iron sili-
cates, possibly in the form of a precursor mineral such as greena-
lite, when silica-sorbedFe(III) (oxyhydr)oxides reactedwith other
cationic species in the sediment pore waters (e.g., Morris 1993;
Konhauser et al. 2005; Johnson et al. 2008; Posth et al. 2013b;
Posth et al. 2014; Rasmussen et al. 2015; Sun et al. 2015).
Indeed, silica concentrations are assumed to have been high in
the Precambrian oceans, reaching concentrations of at least
0.67 mM (supersaturation with respect to crystobalite) and
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possibly as high as 2.2 mM (Siever 1992; Maliva et al. 2005;
Konhauser et al. 2007) (Table 1).
Trace element sequestration by authigenic Fe(III) (oxyhydr)

oxides, such as ferrihydrite, results from a continuum of ad-
sorption and co-precipitation reactions. As a consequence,
lumped-process distribution coefficient models can be used to
relate the concentration of an element in the Fe(III) (oxyhydr)
oxide to the dissolved concentration present at the time of pre-
cipitation. This predictive aspect of metal sorption reactions
has been exploited to better understand the BIF record with
respect to ancient seawater composition and nutrient limita-
tions on Precambrian primary productivity. For instance, it
has been proposed that low P concentrations in Archean and
Paleoproterozoic BIF indicate limited marine phosphorous
availability at that time (10–25% of present-day concentra-
tions; Konhauser et al. 2007) (Table 1), which would have re-
duced the levels of photosynthesis and carbon burial, thereby
inhibiting long-term oxygen production on the early Earth
(Bjerrum & Canfield 2002). Similarly, it has been shown that
the nickel content in BIF has changed dramatically over
time, and that a drop in Ni availability in the oceans around
2.7 billion years ago would have had profound consequences
for microorganisms that depended on it, that being methane-
producing bacteria called methanogens (Konhauser et al.
2009). These bacteria have a unique Ni requirement for their
methane-producing enzymes (<100 nm; Schönheit et al.
1979), and importantly, these bacteria have been implicated
in controlling the oxygen levels on the ancient Earth as the me-
thane they produced was reactive with oxygen and kept the at-
mospheric oxygen levels low. It is possible that a Ni famine
eventually led to a cascade of events that began with reduced
methane production, the expansion of cyanobacteria into
shallow-water settings previously occupied by methanogens,

and ultimately increased oxygenic photosynthesis that tipped
the atmospheric balance in favour of oxygen, the so-called
Great Oxidation Event (GOE) at 2.45 Gyr.
It is widely accepted that photosynthetic bacteria played a

crucial role in Fe(II) oxidation and the precipitation of BIF pri-
mary minerals throughout the Archean and Paleoproterozoic
(see Posth et al. 2013b for review). Some of the earliest models
of BIF deposition suggested that the abiotic oxidation of dis-
solved Fe(II) took place in the presence of free oxygen derived
from oxygenic photosynthesis via the evolution of cyanobac-
teria (Cloud 1973). However, on a dominantly anoxic Earth
before 3.0 Ga (Crowe et al. 2013; Planavsky et al. 2014), the
role of oxygen in terms of BIF deposition, if it existed, would
have been limited. In this regard, anoxygenic photosynthetic
bacteria (e.g., green and purple bacteria), which use Fe(II) as
an electron donor for carbon assimilation rather than water
and produce Fe(III) instead of dioxygen (e.g., Widdel et al.
1993), most probably colonized the anoxic waters of the
Archean ocean. Laboratory experiments demonstrated that
this form of metabolism could generate sufficient quantities
of Fe(III) to account for all the oxidized iron in BIF even at
rapid accumulation rates (Kappler et al. 2005; Konhauser
et al. 2002). Fe(II) oxidation by anoxygenic phototrophs can
be sustained in relatively deep waters (as much as 100 m of
water depth) (Kappler et al. 2005), and their growth is not hin-
dered by high concentrations of dissolved silica (Posth et al.
2008; Wu et al. 2014). Therefore, these organisms could easily
have oxidized all of the upwelling Fe(II) before it made contact
with the overlying oxygenated waters (if these existed) in the
early Archean oceans (Czaja et al. 2013; Pecoits et al. 2015).
As the redox state of the ocean most probably changed after
the GOE in form of a slight oxygenation of the surface waters
and anoxic bottom layers, the abundances of different types of
bacteria must have changed crucially. For instance, microaero-
philic Fe(II)-oxidizing bacteria likely thrived at the oxic–anoxic
interface and contributed to the formation of Fe(III) (oxyhydr)
oxides (Holm 1989) in addition to anoxygenic photoferrotrophs
that probably further colonized the anoxic photic zone. Because
of the role microbes played in Fe(II) oxidation, the focus of a
number of recent experimental studies on BIF deposition has
been on how organic carbon may have: (1) influenced trace
metal sorption to the precursor ferrihydrite particles, and (2) af-
fected the remobilization of trace metals during diagenesis and
metamorphism when the heterotrophic respiration of the bio-
mass would have been coupled to some form of terminal elec-
tron accepting process, such as Fe(III) reduction. In the case of
the former, Eickhoff et al. (2014) recently examined the parti-
tioning of Ni to both abiogenic and biogenic ferrihydrite.
They demonstrated that when normalized to the specific surface
area, biogenic ferrihydrite sorbed less Ni, apparently due to
microbially derived organics or whole cells binding to the min-
eral surface and thereby competing with Ni for sorption sites.
Given the potential for co-precipitating organic matter to
depress partitioning of Ni, the Eickhoff study suggested that
previous estimates for Ni concentrations in Archean seawater
may be too low, and that the decline of Ni in Precambrian
ocean may have occurred closer to the GOE, at 2.45 Ga. In

Table 1. Comparison of the chemical and physical composition
of the Archean, Proterozoic andmodern ocean including respect-
ive estimates on the atmospheric oxygen content given in % pre-
sent atmospheric level (PAL)

Archean Proterozoic Modern

O2 (% PAL) <0.0012 10–202 100
Fe(II) (μM) 40–1201 0.1–0.52 <0.0012

PO4
3− (μM) 0.04–0.138 0.04–0.13 0.17–1.449

SO4
2− (μM) 0.06–0.084 500–30006 28 0005

S2− (μM) n.a. n.a. <0.0012

SiO2(aq) (μM) 670–22007 670–22007 10–1807

pH >6.52 >6.52 8.12

T (°C) *40–703 n.a. −2–36

n.a., not available.
1Canfield (2005)
2Saito et al. (2003)
2Holland (2006)
3Grotzinger & Kasting (1993)
4Crowe et al. (2014)
5Jorgensen (1982)
6Canfield (1998)
7DeMaster et al. (1995)
8Jones et al. (2015)
9Conkright et al. (2000)
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the case of the latter, coupling the reduction of Fe(III) minerals
to the oxidation of organic matter not only explains the low
content of organic carbon in BIF (<0.5%; Gole & Klein
1981), but it also explains the prevalence of light carbon iso-
tope compositions in associated carbonate minerals (e.g.,
Walker 1984), and light iron isotope compositions ofmagnetite
and siderite (e.g., Johnson et al. 2008; Craddock & Dauphas

2011). In this regard, Posth et al. (2013a) and Köhler et al.
(2013) both demonstrated that by incubating ferrihydrite at
1.2 kbar and 170°C (conditions that mimic some BIF burial
conditions) for only 14 days, the mineralogical transition
from ferrihydrite to hematite is already accomplished. The
addition of organic carbon to these diagenetic experiments
led to the formation of reduced, i.e. Fe(II)-containing minerals

Fig. 1. Overview of the Fe–S biogeochemistry in the Archean and Proterozoic ocean. Archean: Fe(II) was introduced into the ocean
hydrothermally and remained in its reduced state as oceans were dominantly anoxic. The occurrence of Fe(III) in the BIF record from that time can
be explained by three different processes: (1) UV photolysis of Fe(II), (2) microbial oxidation of Fe(II) by photoautotrophic bacteria and (3) abiotic
oxidation of Fe(II) by oxygen that started getting produced in minor amounts by cyanobacteria in the late Archean. Fe(III) was reduced to Fe(II)
coupled to the oxidation of H2/organic C by Fe(III)-reducing bacteria. Sulphate mainly was introduced into the ocean by volcanic input in form of
SO2 that further got oxidized to SO4

2− prior to its transfer to the ocean water. Sulphate-reducing bacteria already produced small amounts of H2S
by oxidizing H2 and/or organic carbon. Proterozoic: The ocean surface was slightly oxic after the GOE as O2 also started accumulating in the
atmosphere. Increased oxidative weathering increased sulphate concentrations in the ocean by continental input in addition to volcanic input.
Sulphate-reducing bacteria produced high amounts of sulphide which started accumulating under the reducing conditions of the deep ocean.
Microaerophilic bacteria started flourishing under microoxic conditions and oxidized Fe(II) and H2S to Fe(III) and sulphate, respectively. Fe(II)
and H2S reacted and precipitated in form of FeS minerals which is preserved in the rock record. Phototrophic sulphide-oxidizing bacteria started
being highly active in the photic zone of the water column and oxidized accumulating H2S to sulphate.
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in the post-diagenetic capsules, mainly a mixture of hematite,
magnetite and siderite, a composition broadly consistent with
the modern day mineralogy of BIF. Robbins et al. (2015) took
this one step further, demonstrating that during these diagen-
etic mineral transformations, Ni and Zn remained largely
immobile.

Modern environments as ancient analogues

A complete and accurate picture of all the important biogeo-
chemical processes occurring in the Archean is impossible, if
based solely on geological and geochemical observations, be-
cause the rock record is incomplete and has been altered by
post-depositional processes (Sadler 1981). Laboratory experi-
ments that simulate BIF diagenesis or performing mineral pre-
cipitation experiments under Archean ocean compositions has
also yielded valuable information (Kappler et al. 2005;
Konhauser et al. 2005; Posth et al. 2008, 2013a; Köhler et al.
2013), but the conditions for these experiments are based on es-
timations for seawater conditions at that time, and the data

derived are based on artificial systems which will never be
able to represent the complexity of natural systems. There is
thus a high probability of overlooking important parameters
that are either impossible to integrate into the experimental
setup or are basically ignored. Furthermore, proxies derived
from geochemical modelling or from the rock record, on
which the experimental designs are based on, might be inaccur-
ate or imprecise (for example, estimates on the pH and tem-
perature of the ancient ocean).
Away forward is through the study of modern environments

that have geochemical conditions that might mimic Archean
oceans. These analogues would include aqueous environments
with the simultaneous presence of Si and Fe(II) at high concen-
trations, and a corresponding deficiency in sulphate in case of
the Archean ocean. Correlation of observations from such
model habitats to results from simulative laboratory experi-
ments can improve our current understanding of biogeochem-
ical processes occurring in the Archean oceans (Fig. 2). In this
review, we present five such model habitats which we evaluate
for their suitability as modern analogues. All of them are

Fig. 2. Different approaches to evaluate the mineralogy, geochemistry and geomicrobiology of Archean and Proterozoic environments.
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redox-stratified lakes, either of meromictic or holomictic nature
(Fig. 3; for definitions see the following section). In each case,
ferruginous conditions can be found in a reducing bottom
layer, which is assumed to have been the prevalent feature of
the ancient ocean throughout much of the Precambrian and
also the Phanerozoic (Zegeye et al. 2012). Two of the lakes –
Lake Pavin and Lake Matano – are the best studied ferrugin-
ous basins with the purpose to transfer gained knowledge to
models of the Precambrian ocean. The other three lakes –
Lake La Cruz, Lake Vechten and Lake Nordbytjernet – were
included to our study in order to present lakes with the poten-
tial to serve as ancient ocean analogues that have not been in-
vestigated as such, yet. By this, we aim to encourage scientists
from different disciplines to investigate such environments in
order to understand the ancient ocean in detail. Expanding
on this unique feature of stratification, we first explain the
basic definitions for different lake stratification scenarios in
the following section and then compile information on Lake
Pavin, Lake Matano, Lake La Cruz, Lake Vechten and Lake
Nordbytjernet.

Lake stratification

Water circulation in lakes is largely controlled by variations in
water density at different depths, resulting from seasonal differ-
ences in surface temperature and dissolved ions (chemical gra-
dients) (Drever 1997; Boehrer & Schultze 2008). The topmost
layer in a lake, the epilimnion, is exposed to solar radiation,
heat-loss by long-wave radiation and thermal contact with
the atmosphere. In contrast, the deeper water layer, the hypo-
limnion, is shielded from major heat sources, and is thus colder
than epilimnetic waters. The epi- and hypolimnion are sepa-
rated from each other by the metalimnion, a zone with a
sharp temperature gradient (Andersson 1997). Thus, lakes

with sufficient depth tend to be stratified thermally during
the warm season (separated into layers of different tempera-
tures). When surface temperatures start exceeding those of
the hypolimnion, warmer, more buoyant waters can only be
mixed to a depth limited by colder, denser water. During strati-
fication, the epilimnion and atmosphere exchange heat and
volatile compounds (such as oxygen) resulting in the physical
circulation of epilimnetic waters. Meanwhile, the hypolimnion
is insulted from exchange with the atmosphere and thus the
oxygen content steadily decreases in these deeper layers due
to its consumption via aerobic respiration in the water column.
The redox state of the lake differs in the hypo- and epilimnion,
separated by a steep gradient of oxygen concentrations in the
metalimnion, called oxycline. When epilimnetic temperatures
start to decrease (e.g. during autumn) to values approaching
hypolimnetic ones, density differences disappear, resulting in
the complete vertical mixing of hypo- and epilimnetic waters
(fall turnover). During this event, oxygen is mixed into
the whole water column and is present at concentrations in
equilibrium with air O2 concentrations (Drever 1997). When
epilimnetic temperatures reach lower temperatures than hypo-
limnetic ones (e.g., during winter), density contrasts re-appear
and stratification occurs, with a subsequent spring turnover.
This phenomenon is observed in regions with seasonal tem-
perature fluctuation, whereas changes in stratification pattern
of lakes usually do not occur in areas with constant climate
conditions.
Lakes with at least one annual turnover are collectively

called holomictic (Fig. 3a). Meromictic lakes in contrast, con-
tain an additional chemically distinct bottom layer, called the
monolimnion that has not been recirculated for more than a
year (Fig. 3b). This layer is usually anoxic, and overlain by
the epi-, meta- and hypolimnion. Seasonal mixing of epi- and
hypolimnion result in the mixolimnion.

Fig. 3. Patterns of stratification and turnover in holomictic and meromictic lakes.
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Lake Matano

Lake Matano, the world’s largest known ferruginous lake
(Crowe et al. 2011), is located on Sulawesi Island, Indonesia
(S2°29′9.215″, E121°22′38.507″). The lake is categorized as
meromictic (Crowe et al. 2008c), which results from the com-
bination of its great depth (>590 m) with the absence of season-
al temperature fluctuations and a steep bathymetry (Crowe
et al. 2008b, c). A persistent chemocline at *100 m depth
divides the lake into an oxic top and an anoxic bottom layer
(Crowe et al. 2008c). Although it is not clear when the last
mixing of the lake occurred, stable vertical profiles of redox-
sensitive elements, such as Fe and Mn, suggest redox condi-
tions to have prevailed on a millennial time scale (Crowe
et al. 2008c). Dissolved Fe(II) is present at concentrations of
up to 140 µM, whereas dissolved Mn(II) reaches a maximum
of 9.5 µM in the hypolimnion. Chromium was 180 nM in the
epilimnion, but it was not detectable in the hypolimnion.
Similarly, sulphate was 20 µM in the epilimnion, but was not
detectable in the hypolimnion. Instead, trace concentrations
of sulphide below 0.2 µMwere measured below the chemocline
(Crowe et al. 2008c) as a result of slow sulphate reduction
(Crowe et al. 2008b). Dissolved silica was measured below sat-
uration at 300–420 µM (Crowe et al. 2008b; Zegeye et al.
2012). An additional specific feature of Lake Matano results
from the scavenging of phosphate by Fe(III) (oxyhydr)oxide
phases, such as ferrihydrite, which limits primary productivity
in the surface-mixed layer. The lack of light-absorbing (in)or-
ganic particles in the water column enables light penetration
down to a depth of 125 m, where oxygen is already absent.
Combined with the supply of Fe(II), conditions favour the es-
tablishment of a large community of anoxygenic phototrophic
bacteria, in this particular case green-sulphur bacteria (GSB),
at a depth of 115–125 m (Crowe et al. 2008b). The shift from an
oxygenic cyanobacteria population in the epilimnion to a com-
munity of anoxygenic phototrophs in the hypolimnion is ac-
companied with a transition in abundances of the
photosynthetic pigments chlorophyll a that dominates the
oxic waters to a similar quantity of bacteriochlorophyll e,
which is used by Chlorobiaceae, a family of low-light-adapted
GSB. The majority of this family are photolithoautotrophs
that use sulphide as an electron donor with the exception of
Chlorobium ferrooxidans that uses Fe(II) instead (Crowe
et al. 2008b).
Themineralogy of themineral particles formed during Fe(II)

oxidation was determined, and showed the presence of carbo-
nated green rust together with magnetite as abundant Fe
minerals below the chemocline (Crowe et al. 2008c; Zegeye
et al. 2012). Green rust is a mixed-valence intermediate Femin-
eral formed by interaction of Fe(III) minerals with Fe(II)
(Parmar et al. 2001). Lake Matano is so far the only stratified
water body where green rust has been found (Zegeye et al.
2012). Whether the green rust is a microbial product by photo-
ferrotrophy (Kappler & Newman, 2004) driven by the large
GSB community or dissimilatory Fe(III) reduction (Zegeye
et al. 2007) or whether an abiotic solid-phase transformation
of ferrihydrite following Fe(II) adsorption is the pathway for

its formation in Lake Matano remains unknown (Zegeye
et al. 2012).

Lake Pavin

Lake Pavin is a meromictic crater lake located 35 km south-
west of Clermont-Ferrand (France) within the youngest vol-
cano in the French Massif Central (N45°29′58.326″, E2°53′
12.743″). Surrounded by a *50 m high ring of volcanic tuff,
the lake is protected from physical mixing by wind. This, in
combination with its almost circular geometry (750 m diam-
eter, 0.44 km2 surface and *92 m maximum depth), results
in a persistent redox stratification at a depth of *60 m
(Aeschbach-Hertig et al. 2002). The depth of the redoxcline
can vary due to temporal variations resulting by annual me-
teorological differences and also was found at *50 m depth
in 2011 (Cosmidis et al. 2014). The mixolimnion (ca. 0–60 m
depth) is oxygenated by seasonal fall and spring turnover,
whereas the monimolimnion (ca. 60–92 m depth) remained an-
oxic for at least the last 100 years and thus reached a steady
state (Busigny et al. 2014).
The mineralogy and oxidation state of Fe in the suspended

particles were identified by Cosmidis et al. (2014) at different
depths, revealing Fe to be present mainly in Fe(III) (oxyhydr)
oxides and phyllosilicates at shallower depths, as Fe(II)–
Fe(III)–phosphate mineral phases near the redoxcline and
Fe(II)-phosphates (vivianite-like) at the lake bottom. Under
the reducing conditions in the monimolimnion, dissolved Fe(II)
accumulates to a concentration of up to 1.2 mM (Bura-Nakic
et al. 2009). Fe and Mn colloids (particle size <0.45 µm) as
well as dissolved silica (H4SiO4) and phosphate are present at
high concentrations (1.1 mM and 340 µM, respectively) in the
bottom layer (Michard et al. 1994). Sulphate exists at low con-
centrations (15–20 µM) in themixolimnion, and is absent in the
monimolimnion (Assayag et al. 2008) as a result of microbial
sulphate reduction. This metabolism leads to total dissolved
sulphide concentrations between 0.6 and 16.7 µM just below
the oxycline, with 80% of it being in colloidal FeS form as a
consequence of Fe being the dominant metal involved into sul-
phur redox cycling (Bura-Nakic et al. 2009).
Lehours et al. (2005) identified the microbial community in

Lake Pavin over different depths of the water column. They
showed an elevated diversity of the archaeal and bacterial com-
munities in samples from anoxic water depths relative to sam-
ples from the oxic water layers, with both changing in their
structures over different lake depths (Lehours et al. 2005).
The largest microbial community is represented by methano-
gens belonging to the genera Methanosarcinales and
Methanomicrobiales, with 71% of the sequences related to
Methanosaeta concilii. At the upper part of the chemocline
(*60 m) sequences were related to methylotrophs as well as
to the microaerophilic Fe(II)-oxidizer Gallionella ferruginea
(with 97.5% sequence similarity), suggesting ongoing methane
and microaerophilic Fe(II) oxidation at the oxic–anoxic redox
transition zone of the lake. At a depth of 90 m, three sequences
related to Geothrix fermentans, an Fe(III)-reducing
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δ-Proteobacterium, were observed, suggesting the replenish-
ment of Fe(II) at lower depths of the lake (Lehours et al. 2007).

Lake La Cruz

Lake La Cruz is located at an altitude of 1000 m a.s.l. in the
dolomitic karstic ‘Serrenia de Cuenca’ mountains, near
Cuenca, Spain (also called ‘Laguna de la Gitana’, N39° 59′
16.7″, E1° 52′ 25.0″) (Rodrigo et al. 2001). Located inside a
sink dissolution basin with steep vertical walls rising 20–30 m
above thewater surface, the lake is protected fromwind. In com-
bination with its small surface to depth ratio, it is also persistent-
ly stratified for the past four centuries now, however, unlike
Lake Matano and Lake Pavin, stratification is not at a constant
depth. Depending on the seasonal meteorology of the region
within the respective year, its water depth and diameter vary an-
nually. Measurements in 1987 and 1988 revealed variations in
the redoxcline depth between 12.8 and 18.7 m. After intense
rainfalls in spring 1988, maxima in depth and diameter with
24 and 136 m were measured, respectively (Rodrigo et al.
2001). This resulted in a sharper and shallower thermocline, as
well as a shallower oxic–anoxic boundary relative to periods
with lower water levels (Romero-Viana et al. 2010).
Nevertheless, the values for iron and sulphide are constant in
the anoxic bottom layer at *900 µM and <3 µM, respectively.
Sulphate is present at 0.05 mM (Rodrigo et al. 2000). One of the
lake’s main features is the annual summer ‘whiting’, a short-
term precipitation event whereby calcium carbonate is produced
in the water column in sufficient quantities to be visible. The
event is caused mainly by increased temperatures and increased
CO2 uptake by photosynthetic microorganisms, such that the
carbonate crystals appear in light-coloured laminae alternating
with dark laminae that result from the precipitation of organic
matter throughout the year (Rodrigo et al. 1993).
Romero-Viana et al. (2010) identified photosynthetic pig-

ments in the annual laminated sediment to reconstruct and in-
terpret paleoproductivity in the lake. The study yielded the
presence of marker pigments of phototrophic sulphur bacteria,
including bacteriochlorophyll a, series of bacteriophaeophytin
d and the bacterial carotenoids oktenone and chlorobactene
(Romero-Viana et al. 2010). Correlating with solar radiation
fluxes, the relative abundance of zeaxanthin suggests picocya-
nobacteria (e.g., Synechococcus sp.), to have dominated pri-
mary productivity in Lake La Cruz over the last four
centuries (Romero-Viana et al. 2010). This is consistent with
the general observation of promoted epicellular calcite precipi-
tation in lakes with abundant picocyanobacteria communi-
ties (Romero-Viana et al. 2008). With midday solar fluxes
>1 µEM−2 s−2, light penetrates into the upper parts of the an-
oxic layer of the lake, enabling growth of a population of pur-
ple sulphur bacteria (Amoebobacter purpureus) immediately
above GSB (Pelodictyon chlatratiforme). A. purpureus is cap-
able of anaerobic photolithotrophy by metabolizing hydrogen
sulphide, elemental sulphur and thiosulphate (Eichler and
Pfennig, 1988), while P. chlatratiforme is capable of photosyn-
thesis under low-sulphide and low-light conditions (Pfennig &
Cohenbaz 1967).

Lake Nordbytjernet

Lake Nordbytjernet is located in the Upper Romerike area,
40 km northeast of Oslo, Norway (N60° 9′ 23.299″, E11° 9′
50.9″). The endogenic meromictic kettle lake has a maximum
depth of 23 m, a persistent monimolimnion below 20 m and a
surface area of 0.28 km2 (Hongve 2003). The major constitu-
ents of the anoxic zone are iron, manganese and phosphate
with concentrations reaching up to 710, 1180 and 1130 µM, re-
spectively. Most of the Fe and Mn originate from a stream
flowing through a forest area that has been artificially drained
in modern times. The reducing conditions in the monimolim-
nion of Lake Nordbytjernet are maintained by the production
of organic matter in the trophogenic zone. In contrast to other
lakes, sulphate is present at high concentrations (up to 416 µM)
in the oxic zone but is depleted in the anoxic bottom (Hongve
2003). According to this author, conditions in Lake
Nordbytjernet below 22 m favour the precipitation of both sid-
erite (FeCO3) and vivianite (Fe3(PO4)2•8H2O), but played a
role in Fe sedimentation from the monimolimnion. Instead,
Fe(III) (oxyhydr)oxides, dominated by goethite, were the im-
portant Fe compounds in newly formed bottom sediments.

Lake Vechten

Lake Vechten is a man-made gravel lake located in the muni-
cipality of Bunnik, the Netherlands (N52° 3′ 40.23″, E5° 9′
36.31″) that was excavated in 1941 (Steenbergen & Korthals
1982). It consists of two basins with maximum depths of 11.9
and 10.5 m and a surface area of 4.7 ha, divided by a ridge at
about 6 m depth (Steenbergen & Verdouw 1982). The lake’s
water balance is regulated by meteorological conditions and
horizontal groundwater flow. Of the five lakes presented
here, Lake Vechten is the only holomictic lake with a summer
stratification from May until October. A pronounced thermo-
cline separates a cold hypolimnion from awarm epilimnion (0–
5 m), resulting in hypolimnetic O2 depletion and thus a chemo-
cline just below the thermocline. During summer, Fe(II) and
Mn(II) can accumulate at concentrations up to 690 and 180
µM in the reducing bottom layer, respectively. In addition, sul-
phide concentrations nearly reach millimolar levels just below
the oxic–anoxic boundary (Riera et al. 1988), above which sul-
phate reaches *400 µM (Steenbergen & Verdouw 1982).
Sulphide decreases largely with increasing depth as Fe(II) be-
comes abundant enough to control sulphide levels (Riera et al.
1988; Verdouw & Dekkers 1980). Availability of P and Si (52–
104 and 3–17 µM, respectively) strongly depends on the fall
turnover, with 2- to 5-fold concentrations in the whole mixed
water column during winter compared with epilimnetic values
during summer.
The deepest light penetration was found during summer stratifi-

cation with Secchi disc depths of 3.5–4.5 m (extinction coefficients
for green (0.38–0.85 m−1), yellow-orange (0.73–0.75 m−1),
red (0.73–1.02 m−1) and blue light (0.69–1.42 m−1)). Thus, dense
populations of phototrophic bacteria establish themselves in the
metalimnion and upper hyplomnion where the chemocline starts.
According to pigment analyses by Steenbergen&Korthals (1982)
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the total concentration of chlorophyll is up to 200 mg m−3 dur-
ing stratification, corresponding to several oxygenic photo-
synthesizers, including the genera Synechococcus, Chloronema,
Chromatium and Thiopedia. At lake depths below 8 m, where
light intensities are lower and sulphate concentrations decrease,
abundances of sulphide-oxidizing bacteria, such as the families
Chlorobiaceae and Chromatiaceae (Steenbergen & Korthals
1982). A population of brown Chlorobiaceae, mainly
Chlorobium phaeobacteroides was found where sulphide was
measured at 870 µM, just beneath a population of green
Chlorobiaceae where sulphide concentrations were <50 µM.
As light extinction occurred mainly at the depths where
Synechococcus-type cells and green Chlorobiaceae developed
dense communities, brown Chlorobiaceae grew under very low-
light conditions with 0.001% incident surface light (Riera et al.
1988). As anaerobic bacteria respire low-molecular weight
organic carbon compounds, such as acetate and lactate, in the
lake sediment as well as the lower hypolimnion layers, fixation
of produced CO2 coupled to sulphide oxidation by purple
sulphur bacteria at depths below 8 m is likely (Steenbergen &
Korthals 1982).

Modern stratified lakes as models for Precambrian
ocean conditions

From the presented five stratified lakes, four are meromictic
and one, Lake Vechten, possesses a warm-holomixis stratifica-
tion pattern. Their maximum depths vary greatly with Lake
Matano showing the greatest depth (*590 m) followed by
Lake Pavin (92 m), whereas the other three are much shallower
with similar depths (between 11.9 and 24.5 m, respectively,
Table 2). All five lakes are stratified with regard to dissolved
oxygen concentration, resulting in anoxic reduced bottom
layers which enable the accumulation of redox-sensitive ele-
ments, such as Fe(II). Additionally, Si concentrations in re-
spective bottom layers are relatively high (around 1 mM)
combined with sulphate being almost deficient. Collectively
their compositions suggest that all five lakes could serve as ana-
logues for various times in the Archean and Paleoproterozoic.
In terms of the Fe(II) content, only Lake Matano approxi-

mates the estimated upper limit for Archean seawater Fe(II)
(given as 120 µM byCanfield 2005) (Table 1) with a concentra-
tion of 140 µM (Table 2). By contrast, the other lakes (with Fe
concentrations between 690 and 1200 µM) significantly exceed
Archean estimates (Table 2). In terms of Si, the 420 µM in Lake
Matano and the 500 µM in Lake Nordbytjernet Si (Table 2)
are below the suggested Archean Si lower limit of 670 µM
(Maliva et al. 2005) (Table 1), whereas Lake Pavin and Lake
La Cruz contain Si concentrations within the estimated range
of Precambrian Si (1100 and 1178 µM, respectively, Table 2).
All five lakes exceed the upper estimate for Archean marine
phosphate concentrations (5.3 ± 2.6 µM, Konhauser et al.
2007) (Table 1), with Lake Matano exhibiting the lowest
phosphate concentration of 9 µM, followed by Lake Vechten
(20 µM), Lake La Cruz (52.6 µM), Lake Pavin (340 µM)
and Lake Nordbytjernet (1130 µM, Table 2). Sulphate concen-
trations are very low in all the lakes with values of <0.1 µM in

case of Matano, Pavin and Nordbytjernet, while in Lake La
Cruz and Lake Vechten sulphate is present at concentrations
of around *20 µM (Table 2), which is low but falls within the
range of estimates for the Archean oceans of 200 µM (Habicht
et al. 2002) to only 80 nM (Crowe et al. 2014) (Table 1).
An important issue to take into account for the evaluation of

Lake La Cruz as a model habitat is the annual summer whiting
event, a massive calcium carbonate precipitation that likely
changes lake geochemistry. This may limit the suitability of
Lake La Cruz as a natural laboratory for ancient ocean condi-
tions. In contrast, the geochemical composition of Lake
Vechten is quite constant during stratification, which occurs
during summer. However, for the evaluation of Lake Vechten
as model habitat it is of greater importance to consider its sul-
phide accumulation to high concentrations of up to 1000 µM in
the hypolimnion (Table 2). Such high sulphide values are com-
parable to suggested euxinic conditions in Proterozoicmarginal
marine settings. Thus, Lake Vechten represents a model habitat
for the Proterozoic rather than for the Archean ocean due to the
availability of ferruginous and euxinic conditions in its bottom.
The simultaneous presence of both dissolved Fe(II) and sul-
phide is necessary for studying Fe–S biogeochemistry in
model habitats for the Proterozoic ocean.
When comparing themicrobial compositions of the different

lakes, it is obvious that anoxygenic phototrophic GSB domin-
ate the microbial communities in ferruginous basins, as is the
case with the bottom waters of Lake Matano, Lake La Cruz
and Lake Vechten. Anoxygenic photosynthesis is assumed to
be an ancient metabolism indicated by the deep branching
GSB and green non-sulphur bacteria (GNSB), as well as the
utilization of one single photosystem to harvest light energy
in contrast to the requirement of two photosystems for oxygen-
ic photosynthesis (Woese 1987; Blankenship 1992). In samples
from Lake Matano, the Fe(II)-oxidizing GSB C. ferrooxidans
was identified as community member and to date is the only
known GSB capable of photoferrotrophy (Heising et al.
1999). Since such GSB need a minimum concentration of
0.8 µM free sulphide for sulphide oxidation (Vangemerden
1984), it is likely that in an Fe(II)-rich environment, where sul-
phide availability was restricted to hydrothermal vents as in the
Archean ocean, their preferred electron donor was Fe(II). In
photic environments, where Fe(II) oxidation and Fe(III) min-
eral precipitation takes place, phosphorus was less available
due to scavenging by Fe(III) (oxyhydr)oxides, andGSB further
are suggested to have been the most active primary producing
metabolism by photosynthetic C-fixation before cyanobacteria
evolved confirmed by primary production rates of 3.8 × 10−3

mol C m−2 day−1 by photosynthetic C fixation in Lake
Matano (Crowe et al. 2008b).
It is conceivable that the oxidation of hydrothermally de-

rived Fe(II) and H2S in the photic zone to sulphate and
Fe(III) by GSB and GNSB, respectively, facilitated the activ-
ities of already evolved anaerobic sulphate- as well as
Fe(III)-respiring bacteria in deeper layers of the water column.
Chemoorganotrophic metabolisms were further facilitated by
the formation of organic carbon byCO2 fixation driven by oxy-
genic photosynthesis as cyanobacteria likely evolved around 3.0
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Ga (Crowe et al. 2013; Planavsky et al. 2014). However, sul-
phate reduction rates were quantified to be low but still sufficient
to remove all sulphate (<20 µM in the mixed layer, <0.1 µM in
the bottom layer) in the water column of Lake Matano. Unlike
Lake Matano, Lake La Cruz and Lake Vechten, the microbial
community in Lake Pavin consists mainly of methylotrophs and
microaerophilic Fe(II)-oxidizers in the upper water layers,
whereas methanogens and Fe(III)-reducers dominate the moni-
molimnion (Lehours et al. 2005).

Alternative field sites for studying Archean and
Proterozoic ocean conditions

In addition to the five lakes described above, there are two ex-
amples of ferruginous lakes that have not been very well studied
with respect to their biogeochemical properties so far but also
provide conditions similar to those described for the other five
lakes: Brownie Lake in Minnesota, USA (N44° 58′ 4.483″,
W93° 19′ 26.677″) (Swain 1984; Myrbo et al. 2011) and
Canyon Lake in Michigan, USA (N46° 49′ 58.069″, W87° 55′
14.858″) (Smith 1940; Davis 1981; Anderson-Carpenter et al.
2011). These lakes are redox-stratified and host ferruginous con-
ditions with Fe(II) concentrations of 1500 µM in Brownie Lake
and 857 µM in Canyon Lake, respectively. Both lakes are small
withmaximumdepths of*15 and 25 m, respectively, compared
with the well-studied field sites Lake Matano and Lake Pavin.
Furthermore, there are lakes with sulphidic bottom layers

such as Green Lake in New York, USA (N43° 3′ 5.965″,
W75° 57′ 57.226″) (Suits & Wilkin 1998) and Lago Di
Cadagno in the Swiss Alps (N46° 33′ 2.246″, E8° 42′
42.923″) (Canfield et al. 2010), which both are not ferruginous

since dissolved Fe(II) readily is scavenged by the sulphide and
precipitates in form of iron sulphides in the water column.
However, both lakes are subject of research projects already
and contributed to the reconstruction of the ancient microbial
sulphur cycle by analyses of the sulphur isotope compositions
and contributions of microbial activities to the specific frac-
tionation patterns (Suits & Wilkin 1998; Canfield et al.
2010). Nevertheless, it remains unknown to which extent the
iron cycle is coupled to the sulphur cycle in habitats that con-
tain both Fe- and S-species, including questions on how bacter-
ial abundances are spatially and temporally distributed and on
which levels respective types of bacteria interact or compete for
certain electron donors (Fe(II), sulphide, organic C) and elec-
tron acceptors (Fe(III), sulphate, nitrate). Since the holomictic
Lake Vechten provides the presence of both, reduced Fe- and
S-species at the same time, its investigation as modern model
for Proterozoic oceans could improve our understanding of
early biogeochemical Fe- and S-turnover and the coupling of
these two cycles remarkably. One of the future challenges
will be to find further habitats that are rich in Fe and S to evalu-
ate and verify the observations from Lake Vechten. Such Fe-
and S-rich habitats do not necessarily need to be stratified
lakes but simply have to provide the simultaneous presence
of dissolved Fe(II) and sulphide. One example for such a habi-
tat is the Arvadi Spring, located in the higher Engadin window
of the eastern Swiss Alps (N46° 40′ 14.074″, E9° 39′ 52.956″)
within the Albula valley in the Canton of Grisons (Strauss et al.
2015). As one of several sulphur-containing springs of the area,
the Arvadi spring stands out from the other springs by the pres-
ence of Fe- and S-species at tens of μM concentrations at the
same time. Waters from two separate springs, namely the

Table 2. Comparison of five holo- or meromictic lakes regarding their physical and chemical properties

Lake Matano Lake Pavin Lake La Cruz Lake Nordbytjernet Lake Vechten

Stratification Meromixis1 Meromixis5 Meromixis8 Meromixis9 Monomixis10

Layer Oxic Anoxic Oxic Anoxic Oxic Anoxic Oxic Anoxic Oxic Anoxic

depth (m) 0–1201 120–5901 0–605 61–925 0–12/188 12/18–24.58 0–18/219 18/21–239 0–610 6/7–11.910

Fe(II) (μM) 01 1401 05 >12005 0–108 10–10008 <0.59 7149 010 69010

Mn2+ (μM) 0.452 9.53 <275 <75 n.a. n.a. 0.79 11809 010 18010

PO4
3− (μM) <0.0251 91 05 3405 0.18 52.68 09 11309 52–10410 2010

SO4
2− (μM) <201 <0.11 <206 06 31.28 20.88 4169 09 40010 2010

S2− (μM) 01 <0.21 06 <16.76 1–38 >158 n.a. n.a. n.a. <100010

Mo (μM) n.a. n.a. >0.45 <0.85 n. a. n. a. n.a. n.a. n.a. n.a.
Cr (μM) *0.183 <0.033 n.a. n.a. n. a. n. a. n.a. n.a. n.a. n.a.
SiO2(aq) (μM) 3001 4201 05 11005 10.48 1178.68 <107.19 5009 3.6–17.910 n.a.
pH 8.61 7.01 6.2–8.57 6.0–6.27 8.3–8.78 6.6–7.58 7.0–8.29 7.0–7.99 6.3–7.210 6.1–6.310

T (°C) 25–281 25–281 <177 <67 6–248 6–6.28 3.6–229 3.7–3.99 20–2410 4–510

n.a. = not available.
1Crowe et al. (2008b)
2Crowe et al. (2011)
3Crowe et al. (2008c)
4Crowe et al. (2008a)
5Busigny et al. (2014)
6Bura-Nakic et al. (2009)
7Cosmidis et al. (2014)
8Rodrigo et al. (2001)
9Hongve (1994)
10Riera et al. (1988)
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sulphide-containing Zuelper spring and a Fe(II)-containing
spring, is mixed, resulting in the mixed Arvadi Spring water
(Koeksoy, unpublished data). The spring is characterized by
a distinct smell of sulphide and sediments of reddish colour, in-
dicating the presence of Fe(III) (oxyhydr)oxides, covered with
whitish flocks consisting probably of elemental sulphur
(Fig. 4). Additionally, whitish biofilms cover parts of the spring
sediment and most probably contain sulphide-oxidizing bac-
teria such as Thiothrix spp. that store S0 in their cells (Kurt
Hanselmann, personal communication). Identification of the
S0 sulphur isotopic composition revealed a depletion in 34S
with δ34S values between−26 and−23‰, suggesting dissolved
sulphide to be generated by microbial reduction of sulphate
that was quantified at high concentrations up to 10.4 mM
(Strauss et al. 2015). The source of sulphate is assumed to be
the dissolution of evaporitic gypsum that is overlain by the
Silvretta nappe crystalline rocks on which the Albula valley
is based on. Associated with a minor isotope effect, microbial
oxidation of sulphide is suggested to occur at the oxic–anoxic
redox boundary, also being the likely source of S0 flocks
(Strauss et al. 2015). The spring is currently evaluated for its
suitability as Proterozoic ocean model by the identification
of its microbial community and geochemical composition
and promises a high chance to achieve a better understanding
of Proterozoic FeS biogeochemistry. First results of Most
Probable Number studies on sediment samples from the spring
identified microaerophiles to be the most abundant Fe- and
S-metabolizing bacteria (Koeksoy and Kappler, unpublished
data) which is in accordance to what is assumed for the
Proterozoic ocean due to the formation of a redox transition

zone in surface water layers after the GOE. As the oxygen con-
tent of the spring water is high being close to saturation of
100%, anaerobic phototrophic and chemolithotrophic Fe-
and S-metabolizing bacteria were quantified at lower cell num-
bers and thus are concluded to colonize only deeper and thus
oxygen-depleted layers of the spring sediment. Further evalu-
ation of microbial activities and interactions are ought to be
identified with current experiments with the major goal of
gaining a better understanding of spatial and temporal interac-
tions of the Fe- and S-cycles on the microbial as well the geo-
chemical levels.

Outlook and future research needs

The investigation of Precambrian environment–biosphere
feedback systems to understand BIF deposition relies largely
on circumstantial evidence to piece together an accurate pic-
ture of the functioning of ancient marine ecosystems. Our re-
search approach must necessarily be multidisciplinary in this
regard. While information obtained from the Precambrian
rock record of BIF sets the relevant geochemical parameters
and laboratory experiments allow us to manipulate conditions
in order to observe the effect of a set number of variables on
processes relevant for BIF deposition, modern environments
act as natural laboratories allowing us to observe the processes
relevant for BIF deposition in situ. Therefore, there is need for
well-suited natural habitats that provide conditions similar to
those on ancient Earth. Limited by the presence of specific fea-
tures such as anoxic conditions as well as the presence of high
Fe(II) concentrations, only a handful of lakes make suitable

Fig. 4. The Fe- and S-rich Arvadi Spring, located in the eastern Swiss Alps. Photograph was taken in February 2014. (a) Front view of the spring
with the spring pond in the back and creek outflow. (b) View on the spring front from the top. The white S0 flocks are distributed all over the spring
pond, overlaying reddish Fe(III) minerals in the spring sediment. (c)White biofilms ofThiothrix like bacteria sticking to stones at the creek outflow
are a strong indication for the presence of sulphide-oxidizing bacteria in the spring. (d) Spring creek flows downwards into forest.
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models for the ancient ocean. The two lakes that are currently
used as modern analogues namely Lake Matano and Lake
Pavin, are good but maybe not ideal, since they are diverging
from estimated ancient seawater conditions in some aspects,
such as high phosphate concentrations as well as probably
too high Fe(II) concentrations relative to estimated ranges of
respective compounds in Archean seawater. Alternatively, po-
tential is hidden in Lake Vechten, Lake Nordbytjernet,
Brownie Lake and Canyon Lake, all ferruginous lakes that
were not considered enough as model habitats so far. These
lakes could be examined in more detail in the future, in order
to compile insights comparable with those gained in the nu-
merous studies of Lake Matano and Lake Pavin. The main
challenge of our scientific community still is to find alternative
habitats that also provide appropriate, and ideally, optimal
conditions with parameters within the ranges delineated by
the Precambrian rock record. However, more important than
evaluating each habitat as an individual model for the ancient
ocean is to connect the different aspects that we attain from
each habitat and to transfer them to our current models of
the Precambrian oceans and their biogeochemical processes.
As there will never be the perfect model field site and as our
view on ancient ocean conditions changes constantly, we will
benefit most by answering different questions using appropri-
ate individual model habitats.
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