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Abstract Iron redox cycling in metal-rich, hypersaline, anoxic brines plays a central role in the
biogeochemical evolution of life on Earth, and similar
brines with the potential to harbor life are thought to
exist elsewhere in the solar system. To investigate iron
biogeochemical cycling in a terrestrial analog we
determined the iron redox chemistry and isotopic
signatures in the cryoencapsulated liquid brines found
in frozen Lake Vida, East Antarctica. We used both
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in situ voltammetry and the spectrophotometric
ferrozine method to determine iron speciation in Lake
Vida brine (LVBr). Our results show that iron
speciation in the anoxic LVBr was, unexpectedly,
not free Fe(II). Iron isotope analysis revealed highly
depleted values of -2.5% for the ferric iron of LVBr
that are similar to iron isotopic signatures of Fe(II)
produced by dissimilatory iron reduction. The presence of Fe(III) in LVBr therefore indicates dynamic
iron redox cycling beyond iron reduction. Furthermore, extremely low d18O–SO42- values (-9.7%)
support microbial iron-sulfur cycling reactions. In
combination with evidence for chemodenitrification
resulting in iron oxidation, we conclude that coupled
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abiotic and biotic redox reactions are driving the iron
cycle in Lake Vida brine. Our findings challenge the
current state of knowledge of anoxic brine chemistry
and may serve as an analogue for icy brines found in
the outer reaches of the solar system.
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Introduction
The ubiquity of iron (Fe), its diverse redox reactions,
and role in biological processes make it indispensable
for biogeochemical transformations. Fe is an essential
micronutrient and undergoes electron transfer during
redox reactions, serving as both an energy source and
oxidant for microorganisms with anaerobic metabolisms (Weber et al. 2006). The role of Fe in water–rock
interactions is also relevant to the quest for life on
other frozen ocean planets and satellites of the solar
system, in particular where ice shells interface with
subsurface waters in contact with rock cores, as Fe
redox-active elements can fuel life. Analogue habitats
on Earth are needed to study subzero aqueous
processes, although few such natural systems are
presently known and many of these lie in Antarctica.
The McMurdo dry valleys (MDV), in particular,
harbor a number of relevant habitats including cold
desert soils, stratified, ice-entrained lacustrine and
subglacial saline systems that are pertinent to icecovered ocean worlds. For example, cold and arid
oxidative weathering of the Ferrar Dolerite of the
MDV surrounding Lake Vida has been proposed as a
terrestrial analogue to surface processes on Mars
(Salvatore et al. 2013).
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To better understand the iron transformations in a
relevant terrestrial analog, the unique extreme ecosystem
of Lake Vida which is suspected to harbor water–rock
interactions, we studied the brine in the thick ice cover of
the lake (Victoria Valley, MDV; Supplementary Fig. 1)
during and after two expeditions (2005 and 2010). The
lake’s encapsulated cryogenic brine contains unusual
chemistry including perchlorate (Kenig et al. 2016),
which has also recently been discovered in Martian soils
(Ojha et al. 2015). Below 16 m, the thick ice ([27 m) of
Lake Vida hosts a cold (-13.4 °C), interstitial, aphotic,
and anoxic brine with a salinity of 188 PSU and a near
neutral pH 6.2 (Murray et al. 2012). The brine system
occurs within the lake ice and beneath it in a confined
permafrost aquifer to an estimated depth of 100 m
(Dugan et al. 2015). Despite its low temperature, protein
production experiments show evidence of microbial
activity, and the Lake Vida brine (LVBr) contains a
diverse suite of bacteria (Murray et al. 2012).
Previously published data on LVBr showed high
total Fe concentrations of 308 ± 23 lmol L-1
(n = 3; acidified, unfiltered brine collected in 2005)
and 256 ± 12 lmol L-1 (n = 3; acid digested, unfiltered brine collected in 2010) (Murray et al. 2012).
LVBr Fe concentrations passing through a 0.2 lm
filter (dissolved fraction) in 2010 (247 ± 7 lmol L-1,
n = 3) (Murray et al. 2012) were similar to unfiltered
brine Fe levels, demonstrating that the majority
([96%) of the Fe is less than 0.2 lm. Kuhn et al.
(2014) identified a high abundance of ultra-small cells
and unidentified nanoparticles (averaging 0.19 and
0.08 lm in diameter respectively), many of which
pass through a 0.2 lm filter. Thus, the dissolved brine
fraction likely contains \0.2 lm ultra-small cells and
nanoparticles. The Fe concentrations measured in
LVBr are 1–2 orders of magnitude higher than those of
other dry valley lakes but are an order of magnitude
lower than that measured for the nearby Blood Falls
subglacial brine discharge at Taylor Glacier
(3450 lmol L-1) where more than 97% was reported
to occur as reduced iron, Fe(II) (Mikucki et al. 2009).
High levels of iron in these brine systems are the result
of water rock interactions followed by evaporation and
cyroconcentration; differences among them depend on
brine isolation, ice sheet history and bedrock composition, but also depnds on microbial processes, which
can play a vital role in the liberation and cycling of Fe.
Deciphering the respective contributions of biotic
and abiotic Fe redox reactions in a given system is
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difficult since they can co-exist and compete (Weber
et al. 2006; Ionescu et al. 2015). Iron isotope ratios
provide a useful proxy for gaining insight into Fe
sources and biogeochemical processes—including
mineral precipitation and dissolution, sorption, as
well as bacterially-mediated processes such as dissimilatory iron reduction (DIR) (Beard et al. 1999;
Bullen et al. 2001; Johnson et al. 2008). In this paper,
we have investigated the Fe chemistry—including Fe
speciation experiments and isotope analysis of
LVBr—to understand the interplay of biotic and
abiotic Fe biogeochemistry in this temperature-limited
but active microbial ecosystem.

Methods
Study area, sample collection and storage
Lake Vida is located in Victoria Valley—a closed,
evaporative basin in the northernmost McMurdo dry
valleys (MDV; Supplementary Fig. 1), a dry polar
desert that receives generally less than 35 mm per year
snowfall (Fountain et al. 2010). The mean annual
temperature at the surface of Lake Vida approaches
-30 °C in some years (Doran et al. 2002). The
geochemistry and microbiology of Lake Vida brine
(LVBr) have recently been described by Murray et al.
(2012), indicating a distinct microbial assemblage
compared to other lakes in the MDV. The Basement
Sill and Penneplaine Sill of the Ferrar Dolerite, which
contain Mg–Fe rich pyroxenes, dominate the geology
around Lake Vida. The dominating Fe compound in
the dolerite is iron oxide (FeO), where Fe occurs as
Fe(II) (Zavala et al. 2011). The floor of Victoria Valley
also is covered by glacial till dominated by dolerite
clasts.
Brine samples were collected during an expedition
in 2010 (Murray et al. 2012). Two boreholes were
drilled for the extraction of ice cores (20 and 27 m);
the 20 m borehole was used for brine collection. LVBr
entered the 20 m borehole at a depth of *18 m and
was collected using sterilized submersible pumps
(Waterra Monsoon pumps) and sterile polytetrafluoroethylene tubing (Doran et al. 2008). Brine samples
were directly pumped into bottles under N2 atmosphere, over-pressurized, and stored at -10 °C under
dark, anoxic conditions. For bulk iron [Fe(II) ? Fe(III)] isotope analyses, triplicate samples were

filtered using a 0.2 lm Acrodysic polypropylene
PES membrane filter (‘‘filtered brine’’); three were
filtered for speciation analysis (‘‘filtered speciation
brine’’); three remained unfiltered (‘‘whole brine’’).
Sulfate analyses were performed on brine samples
preserved in a gas-tight glass syringes that were flash
frozen and kept at -78 °C wrapped in foil until
analysis.
In addition, five rock and sand samples were
collected in the study area (Supplementary Fig. 1b):
(1) a sample from a porous, frozen sand layer in
contact with LVBr collected between 25.28 and
25.48 m depth in the ice core recovered during the
2010 expedition (Hole #1), ‘‘LVS’’; (2) a sample
collected in the center of the Basement Sill of the
Ferrar Dolerite on the South shore of Lake Vida,
displaying millimeter-size pyroxenes ‘‘LVDCC’’; (3)
a sample collected on the southwest shore of Lake
Vida in the Bull Drift, a moraine dominated by dolerite
clasts, ‘‘LVS3’’. This sample was representative of the
sand in the moraine that constitutes the Southwest and
Northwest portion of the lakeshore; (4) A sand sample
was collected on the north shore of Lake Vida,
downwind from a major dune, ‘‘LVS4’’. This sand is
representative of aeolian material that accumulates on
the northeast shore of the lake. (5) ‘‘LVS9’’ is a sample
collected on the Lake Vida ice surface and was
representative of windblown material. Orthopyroxene
grains, derived from orthopyroxene crystals of the
Ferrar dolerite, were present in all sand samples
(between 13.3% of the grain in LVS and 7.8% in LVS3). Dolerite clasts also were present in all sand samples
(between 17.8% for LVS and 10.8% for LVS4).

Fe speciation by voltammetric electrochemistry
Voltammetry is capable of collecting real-time,
simultaneous measurements of dissolved O2, H2S,
Mn(II), Fe(II), S2O32-, S4O62-, S2
x , S(0), as well as
aqueous species of Fe(III) and FeS (Luther et al.
2008). A solid-state, gold-amalgam (Au/Hg) working
electrode (deployed without membrane) enables
simultaneous voltammetric measurements of multiple
redox species in situ and recently has been shown to
also differentiate between varieties of reduced sulfur
species (Luther et al. 2008).
In the field, we used a *33 m cable attached to a
DLK-70 three-electrode potentiostat (Analytical
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Instrument Systems, Inc.) to apply a voltage ramp to
the working electrode (i.e., Au/Hg solid-state electrode) versus a reference electrode (i.e., Ag/AgCl
solid-state electrode). The current at the working
electrode surface was simultaneously measured
through a counter electrode (i.e., Pt electrode). For
any given analyte, the current is proportional to
concentration, so that the analyte concentration can be
calculated from current peak heights obtained in
voltammograms using calibration coefficients established during laboratory standardizations made prior
to field deployment [analogous to measuring absorption peaks at given wavelengths in spectroscopy
(Brendel and Luther 1995)]. Each redox species, if
present at detectable levels, produces a current peak
that can be discriminated from others in one potential
scan from -0.1 to -2.0 V. Because the voltammetric
electrode scans a range of potentials, rather than
constantly resting at a single potential, consumption of
the chemical species measured is undetectable.
Fe speciation by ferrozine spectrophotometry
Due to the high Fe concentration in the sample
(256–308 lmol L-1) (Murray et al. 2012), LVBr was
diluted (1:300) to work within comparable concentration
ranges established in previous studies and to remove
matrix issues. For laboratory Fe speciation experiments,
*100 lL Lake Vida brine (0.2 lm-filtered) were subsampled from a gas-tight vial under an Argon atmosphere
and diluted into Argon-purged high purity water (Millipore-element[18 MX cm), hereafter called MQ.
The ferrozine reagent prepared daily at a concentration of 10 mmol L-1 in MQ containing 0.1mol L-1 ammonium acetate (CH3COONH4) was
added to the sample at a final concentration of 1 mmol
L-1 ferrozine (Viollier et al. 2000). After waiting
2 min. to allow the magenta Fe(II)-ferrozine complex
to form, the sample was transferred to an acid-cleaned
10 cm Quartz cuvette and the absorbance recorded at
562 nm with an Ocean Optics spectrometer
(USB2000) and light source (DT-MINI-2-GS). This
initial absorbance measurement represents an estimate
of the labile Fe(II) concentration. In a second step, the
reductant sodium sulfite (Na2SO3), prepared daily in
MQ at a concentration of 0.01 mol L-1(O’Sullivan
et al. 1995), was added to the sample to a final
concentration of 0.6 mmol L-1, and the absorbance
was measured again. The second measurement yields
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an estimate of the total dissolved Fe concentration in
the sample and is suitable for calibration with an
Fe(III) standard.
Consistency of calibrations was confirmed with
both Fe(II) and Fe(III) standards in Argon-purged MQ,
and complete reduction of Fe(III) in the standard was
achieved in less than 10 min. For calibrations with
Fe(II), a 10 mmol L-1 standard of ammonium iron(II)
sulfate hexahydrate was prepared in 0.1 mol L-1
SeastarÒ Baseline hydrochloric acid (HCl) and considered stable in the refrigerator for up to a month.
Calibrations with Fe(III) were performed using a
Fluka certified iron standard for AAS (TraceCERT) of
1000 mg L-1 diluted with 0.1 mol L-1 SeastarÒ HCl.
In order to test whether organic complexation of Fe
plays a role in LVBr, a subsample of the brine (1:600
dilution) was subjected to UV oxidation as follows. In
a TeflonÒ cup with a quartz window, *50 lL brine
were added to 30 mL SeastarÒ HCl (0.01 mol L-1).
Acidification was deemed necessary to prevent precipitation of Fe(III) after UV oxidation. The solution
was UV oxidized for 2 h in a UVO-Cleaner (Jelight,
model no. 144AX) and buffered to pH *4.3 with
40 lL concentrated ammonium hydroxide (NH4OH)
before analysis by ferrozine spectrophotometry as
described above. Weighing of the solution before and
after UV oxidation confirmed that there was no loss
due to evaporation.
Fe isotope analysis
Sample preparation for stable isotope analyses of Fe was
carried out in a metal-free clean room facility supplied
by HEPA-filtered air. All lab ware was pre-cleaned in
dilute acid baths using ultra pure acids (SeastarÒ
Baseline) and rinsed with 18 MX MQ prior to use. For
analysis of the mineral samples, appropriate amounts of
sample material were weighed into cone-shaped SavillexÒ Teflon beakers. A combination of concentrated
ultra high purity acids (SeastarÒ) (HF ? HNO3,
HCl ? HNO3 and HCl) and HCl-only leaching were
used for acid digestion of the mineral samples
(Table S1). Brine samples (both whole and 0.2 lm
filtered) were directly loaded onto the ion exchange
columns. Analysis of the same samples digested with
concentrated HCl only showed d56Fe values about 0.1%
higher than the HF-digested samples (Table S1).
Samples were purified by anion exchange chromatography using EiChrom AG 1-X 100–200 mesh
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resin. The resin was cleaned with 5 mL 5 M HNO3
and 2 mL of MQ and preconditioned with 4 mL 6 M
HCl before loading the sample. Matrix elements were
then removed from the column with 6 mL 6 M HCl
before Fe was eluted from the column with 2 mL of
MQ and 5 mL 5 M HNO3. The sample was then dried
on a hot plate overnight and re-dissolved in 100 lL of
concentrated nitric acid to remove organic and chloride complexes. The nitric acid was then heated to
100 °C and dried once again before re-dissolved in 3%
nitric acid for measurement by multi collector inductively coupled plasma mass spectrometer (MC-ICPMS, Thermo Scientific, Neptune). Sample recovery
from this procedure is greater than 99%, as determined
by isotope dilution, which ensures no fractionation
occurs during sample preparation. Ion exchange
blanks were typically 15–20 ng representing a 0.7%
contribution to the total amount of Fe in the sample.
This would result in at most a 0.02% uncertainty of
reported d56Fe values. Iron isotope ratios are reported
in the standard d notation in per mil (%): d56Fe =
[(56Fe/54Fesample)/(56Fe/54Festandard) – 1] 9 1000. Precision of d56Fe values was 0.09%.
d18 O–SO42- Isotope analysis
The pretreatment procedure for oxygen isotope analysis
of barites has been previously described in detail (Bao
et al. 2008). In brief, the initial acid-treated sulfate
precipitates were further processed with a DDARP
method (Bao 2006) and a 2 M NaOH solution (Bao
et al. 2007) to precipitate pure barite (BaSO4). The d18O
of barite was measured using CO gas converted from
BaSO4 using a thermal conversion elemental analyzer
(TCEA) at 1450 °C coupled with the MAT253 isotope
ratio mass spectrometer in a continuous-flow mode at
Louisiana State University OASIC Lab. The standard
deviation (r) associated with d18 OSO4 is ±0.5%. Here
the d = (Rsample/Rstandard-1) 9 1000, in which R is
the ratio of 18O/16O, 17O/16O, or 34S/32S, in which the
d0 : ln (Rsample/RVSMOW) (Assonov and Brenninkmeijer 2005).

Results and discussion
In situ voltammetric measurements in the Lake Vida
borehole showed neither vertical chemical

stratification of the brine in the borehole nor any
change in brine fluid chemistry during discrete sample
collection (Fig. 1a). The voltammetry verified that the
brine was anoxic (oxygen MDL \1 lM, Fig. 1a), but
interestingly, no detectable reduced sulfur species
22(HS-/H2S, FeS(aq), S(0), S2
X , S2O3 , S4O6 ). A
significant and reproducible current peak at -0.15 V
indicated the presence of aqueous Fe(III) species
(Fig. 1a), while no free Fe(II) was observed. This
technique has a Fe(II) detection limit of 10 lmol L-1.
For comparison, in situ profiles were also collected at
Lake Hoare, two valleys *35 km to the south of Lake
Vida, using the same voltammetry method. This lake
represents a weakly stratified freshwater system with
strong vertical changes in redox conditions near the
bottom (Green and Lyons 2009). At Lake Hoare, O2
was detected between lake surface and 26 m depth. At
29 m depth, no oxygen, but trace sulfide was detected.
At 31 m depth, Fe(II), Mn(II), FeSaq, and free sulfide
were all detected (Fig. 1b). The comparison between
the two lakes demonstrates the contrasting redox
profile for Lake Vida, which lacks the presence of
freely-available reduced species despite the absence of
O 2.
Voltammetry measures electro-active aqueous
chemical species (i.e., not particulates). Dissolved
aqueous organic Fe(III) species are qualitatively
detectable using this method, but the variety of
potential organic complexes in natural fluids and
variability in their electro-activity makes quantification of Fe(III) difficult because of a lack of calibration
standards, i.e., the quantification of in situ uncharacterized Fe(III)-organically complexed species is
impossible (Jones et al. 2011). However, the in situ
voltammetric data reveal that the dominant species of
Fe present in the brine is not free Fe(II), and suggest
that aqueous Fe(III) is present.
Independently, laboratory ferrozine analysis on discrete LVBr samples also showed that Fe(III) was the
dominating Fe species. Two experiments were conducted with diluted (1:300) LVBr: In the first experiment, the reductant was added at t = 0 min and in the
second experiment at t = 60 min. Initial Fe(II) readings
were low (*0.034 lmol L-1) and consistent between
both experiments (Fig. 1c). This translates to a total of
about 10 lmol L-1 Fe(II) for LVBr, representing\4%
Fe(II) of the total iron. This is at the detection limit of the
voltammetry method and therefore consistent with the
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Fig. 1 Iron speciation in Lake Vida brine. Representative
in situ cyclic voltammogram scans at 500 Mv s-1 in Lake Vida
brine (LVBr panel A) and Lake Hoare (panel B for comparison).
Voltage scanning was from -0.1 to -1.8 V, back to -0.1 V.

Panel C evolution of two Fe redox speciation experiments in
diluted (1:300) LVBr with ferrozine, with reductant added at
time = 0 min (black) and 60 min (red). Panel D UV-oxidized
LVBr (1:600 dilution), with reductant added at time = 0 min

in situ data. After the addition of the reductant, the
ferrozine method reveals slowly reducible Fe(III)
approaching *0.650 lmol L-1, which accounts for
the remainder of iron in LVBr (Fig. 1c).
In a separate laboratory experiment, LVBr was
diluted (1:600) and UV-oxidized at low pH, a
procedure known to destroy organic material (Gledhill
and van den Berg 1994). Approximately 90% of the Fe
present in the sample was reduced within 10 min of
addition of the reductant (Fig. 1d), with the remainder
being reduced extremely slowly (Fig. 1d). We therefore conclude that organic ligands likely complex the
majority of the Fe(III) present in the Lake Vida brine.
This explains the possibility of Fe(III) presence well
above the solubility limit for Fe(III) in a system with
high ionic strength such as LVBr (Liu and Millero
2002) and is consistent with high levels of high
molecular weight dissolved organic matter in the
LVBr (Cawley et al. 2016). For example, organic
complexation by uncharacterized extracellular

polymeric substances (EPS), has been invoked as an
explanation for this excess Fe(III) to remain in
solution, much as is the case in seawater (Gledhill
and van den Berg 1994; Liu and Millero 2002).
Likewise, EPS can serve as a cryoprotectant in subzero
brines (Marx et al. 2009). EPS were observed in
scanning electron micrographs and high levels of
carbohydrate were determined in LVBr (Murray et al.
2012). Also, the slow reaction ([500 min.) with the
reductant [i.e., orders of magnitude slower than what
would be expected based on theoretical calculations
for uncomplexed Fe(III) (Millero et al. 1995)] can be
explained by the presence of strong organic Fe(III)
ligands, inhibiting the reaction. For comparison, the
same experiment was carried out with inorganic
Fe(III) standards with full Fe(III) reduction completed
within 2 min (data not shown).
Iron isotope analysis revealed that all brine samples
were extremely depleted in 56Fe compared to d56Fe
values typically reported in nature (Fig. 2a). The Fe
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(A)

(B)

(C)

isotopic signature of LVBr is -2.45 ± -0.16% for
the filtered (n = 3) and -2.47 ± 0.19% for the total
brine (n = 3). These values are very similar to d56Fe
values of the subglacial brine of Blood Falls

b Fig. 2 Fe, O and S isotopic compositions of natural sources of

Fe bearing minerals, waters, sulfates, barites, and Antarctic
brines. a Range of Fe isotope values versus Fe concentration
data of river samples, igneous rocks, oxidation experiments of
Fe(II), and DIR in comparison to LVBr and Blood Falls (BF),
modified from Johnson et al. (2008) with permission from
Annual Reviews in Earth and Planetary Sciences. DIR
dissimilatory iron reduction, BSR bacterial SO42- reduction,
MOR Mid-Atlantic Ridge. b d34 SSO4 relative to d18 OSO4 of
sulfates and barites showing varying degrees of microbial S
cycling. BSR in marine sediments generally proceeds to sulfide
generation and sedimentary pyrite formation leaving residual
SO42- pool in the pore waters smaller and isotopically enriched
(Feng and Roberts 2011). BSR in Antarctic brines only proceeds
to S intermediates and then is quantitatively re-oxidized to
SO42-, thus no isotopic enrichment. Significant enrichments
(marine pore waters) and depletions (BF and LV brines) in
d18 OSO4 are due to rapid sulfite-pore water isotope exchange
(Turchyn et al. 2006). c d18 OSO4 relative to d18 OH2 O of Antarctic
brines and natural waters, indicating that Lake Vida brine SO42likely has undergone complete equilibration with in situ water
via S intermediates (grey field e = 25–30.5%) (Turchyn et al.
2006). Modified with permission from Science Magazine and
Mikucki et al. (2009)

(-2.6 ± 0.5%) (Mikucki et al. 2009). DIR, the
microbial reduction of Fe(III) oxides and hydroxides,
is associated with Fe isotope fractionation, that was
hypothesized to be occurring in Blood Falls (Mikucki
et al. 2009). However, this would result in Fe(II) as the
dominant species, which is the case for Blood Falls,
but not for Lake Vida.
The d56Fe values of Lake Vida sediment obtained
from the ice core and Victoria Valley mineral samples
(for locations, see Fig. S1) were up to *2.8%
different than those of LVBr. The d56Fe values of
mineral samples were nearly identical (averaging
0.20 ± 0.02%; n = 5) (Table S1). These values are
typical for the isotopic composition of dolerite (Craddock and Dauphas 2010). Like the majority of igneous
and metamorphic rocks, the Ferrar Dolerite of the
MDV contains most of its Fe in the form of Fe(II) (as
FeO) (Zavala et al. 2011; Ojha et al. 2015). The low
d56Fe values in LVBr compared to the parent material
demonstrate that the brine has undergone significant
isotope fractionation, that could be the result of several
processes: (i) DIR is associated with Fe isotope
fractionation, and d56Fe values of dissolved reduced
Fe(II) have been reported to be up to 3% lower than
the parent substrate (Beard et al. 1999; Crosby et al.
2005). This process implies that the source of Fe in
LVBr was Fe(III), potentially a weathered product of
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the Ferrar Dolerite rather than the rock itself (Fe(II)).
The resulting Fe(II) from DIR is consequently reoxidized via chemodenitrification, leaving Fe(III)
depleted in 56Fe. This step assumes that chemodenitrification would not be associated with significant
iron isotope fractionation, which is currently
unknown. (ii) Abiotic oxidation of Fe(II) to Fe(III)
may cause formation of isotopically-enriched ferrihydrite (Fe2O3), leaving the Fe(II) in solution up to 3%
depleted in 56Fe (Bullen et al. 2001). Although abiotic
oxidation has the potential to lead to the low d56Fe
values observed in LVBr, brine anoxia, lack of mineral
precipitate such as iron oxides and high concentrations
of Fe(III) in solution suggest that this process is
unlikely responsible for the Fe isotopic signature in
LVBr. (iii) In laboratory soil extraction experiments,
ligand-mediated dissolution of Fe(II)-bearing minerals has been shown to result in 56Fe depletion in the
dissolved phase (Brantley et al. 2004), suggesting that
organic molecules remove isotopically light iron from
incongruently dissolving silicates in Earth’s surface
environments. This process of Fe isotope fractionation
has yet to be demonstrated in natural systems,
including sub-zero environments, but may explain
the low d56Fe values associated with organicallycomplexed Fe(III) as observed here. To date, it
appears that d56Fe values as observed in LVBr have
only been observed in nature for Fe(II) resulting from
DIR. We therefore conclude that LVBr d56Fe values
are a new outlier for Fe(III) found in nature.
In order to investigate the possibility of microbial
sulfur reactions in LVBr and possible interactions with
the iron cycling, we also determined the oxygen isotopic
composition of sulfate (d18O–SO42-), -9.7 ± 0.5%.
Although the LVBr d34S–SO42- values (?20.3 ± 0.1%)
(Murray et al. 2012) alone did not provide evidence for
microbial processing, d18O–SO42- values in LVBr were
*20% depleted relative to modern marine barites
(Stevens et al. 2015) suggesting microbial sulfur cycling
(Fig. 2b) that does not result in a sulfidic system. This
compares to a d18O–SO42- value of ?3.3% for the
subglacial brine of Blood Falls (Mikucki et al. 2009),
indicating that there was even a greater degree of oxygen
isotope exchange between SO32- and H2O [d18O–
H2O = -36.7 ± 2.3% (Murray et al. 2012)] in LVBr
compared to Blood Falls brine (Fig. 2c). The sulfur
cycling in Lake Vida between SO42- , SO32- could be
microbially-mediated as proposed for Blood Falls, where
DIR was proposed to be coupled to the sulfur oxidation.
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This is further supported by the presence of epsilonproteobacteria related to sulfur-oxidizers (Sulfurovum sp.)
and sulfate-reducing bacteria detected by 16S rRNA gene
sequencing in LVBr (Murray et al. 2012). Although no
reduced sulfur intermediates were detected by in situ
voltammetric measurements, abiotic oxygen isotope
exchange with water itself is not a very likely explanation
for the d18O–SO42- values observed here. Under LVBr
conditions (temperature and pH), sulfate-water equilibration would take on the order of 10’s of millions of years to
generate observed d18O–SO42- values, which does not
agree with current LVBr age estimates of 2800 14C years
(Doran et al. 2003; Murray et al. 2012; Cawley et al.
2016).
High concentrations of NO2- (23.7 ± 1.0 lmol L-1)
and NO3- (904.4 ± 30.0 lmol L-1) in LVBr strongly
support abiotic Fe oxidation (chemodenitrification),
which results in N2O production (58.8 lmol L-1) (Murray et al. 2012; Ostrom et al. 2016). This process also has
been suggested to drive high N2O concentrations measured in other MDV locations, such as in the soil pore
space near Don Juan Pond (Wright Valley, Southern
Victoria Land, Antarctica) and constitutes a newly
recognized abiotic mechanism for the production of the
greenhouse gas N2O (Samarkin et al. 2010; Peters et al.
2014; Jones et al. 2015). The dominance of Fe(III) over
Fe(II) found in LVBr is consistent with chemodenitrification. Iron oxidation also can be biologically mediated,
possibly via reactions with Lake Vida microbes. Organisms capable of NO3- reduction in LVBr (Murray et al.
2012) could be a site for biological or abiotic Fe oxidation
as shown for Paracoccus denitrificans (Klueglein et al.
2014), resulting in cell surface encrustation. Indeed, Fe
capsular structures have been observed in LVBr microbes
(Kuhn et al. 2014).
A parsimonious interpretation of our data leads us
to postulate that this system is the result of coupled N–
Fe–S reactions (Fig. 3). In such a scheme, Fe could be
reduced in a coupled, catalytic reaction with sulfur
oxidation and oxidized via chemodenitrification. The
catalytic sulfur cycle proposed for Blood Falls
(Mikucki et al. 2009) suggests that DOC pools are
oxidized and Fe(II) accumulates via SO42- cycling to
sulfur intermediates (SO32-, S2O32-, S0), which are
then re-oxidized back to SO42-. This catalytic sulfur
pathway could provide a source of reduced Fe to
LVBr, a source needed for chemodenitrification
proposed above. Lake Vida differs from Blood Falls
in the abundance of oxidized N-species, in addition to
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Fig. 3 Proposed mechanism for coupled model of chemodenitrification (Chem. DEN) as well as Fe and S redox pathways in
Lake Vida brine. Abiotic processes may drive coupled Fe
oxidation (chemodenitrification) and Fe reduction (IR) cycling
in Lake Vida. Biological (Biol.) pathways including denitrification (DEN), dissimilatory IR, SO42- reduction (SR), and S

oxidation (SOx) potentially coupled to Fe reduction (as proposed
for Blood Falls) also may occur at very low rates and interact
with the abiotic pathways. Heterotrophic respiration may be
coupled to the Biol. SR and Biol. DEN pathways while S
oxidation may be carried out chemo-autotrophically

much higher levels of organic carbon. Furthermore,
DIR, as implicated by d56Fe values, may also be
responsible for providing Fe(II) for chemodenitrification. For example, LVBr Marinobacter spp., which
have been cultivated from LVBR and are well
represented in LVBR 16S rRNA gene clone libraries
(Murray et al. 2012), harbor a putative Fe reductase
(e.g. Marinobacter sp. LVR2A5A20, locus
Ga0070251_2837).
Although the reaction kinetics at -13 °C and
drivers of the Fe speciation are not yet fully understood, the high abundance of oxidized species in the
anoxic Lake Vida brine is provocative, providing a
rare opportunity to study the geochemical interactions
of biology and abiotic processes in a cryo-ecosystem.
Our results suggest that this tightly coupled N–Fe–S
cycle is sustainable in hypersaline, sub-zero environments—offering a habitable ice-covered refuge for
life during the Cryogenian Period (Snowball Earth
glacial episodes) and that may exist on other frozen
planets in the present solar system.

Awards ANT-0739681 (to A.E.M.) and ANT-0739698 (to
P.T.D. and F.K.). N.E.O. gratefully acknowledges support from
the NSF Geobiology and Low Temperature Geochemistry
program (Grants 1053432 and 1348935). This work was also
funded in part by the DOE Great Lakes Bioenergy Research
Center (DOE Office of Science BER DE-FCO2-07ER64494) to
N.E.O. Additional support was provided by NASA–NASA
Astrobiology Institutes ‘‘Icy Worlds’’ (to A.E.M.) and ‘‘Water
and Astrobiology’’ at the University of Hawaii (to B.T.G.).
Lastly, the National Science Foundation McMurdo LTER
Award (ANT-1041742, to P.T.D.) supported the Lake Hoare
voltammetry research.

Acknowledgements Financial support for this research is
gratefully acknowledged from National Science Foundation

References
Assonov SS, Brenninkmeijer CAM (2005) Reporting small
D17O values: existing definitions and concepts. Rapid
Commun Mass Spectrom 19(5):627–636
Bao H (2006) Purifying barite for oxygen isotope measurement
by dissolution and reprecipitation in a chelating solution.
Anal Chem 78(1):304–309
Bao H, Rumble D III, Lowe DR (2007) The five stable isotope
compositions of fig tree barites: implications on sulfur
cycle in ca. 3.2 Ga oceans. Geochim Cosmochim Ac
71(20):4868–4879
Bao H, Lyons JR, Zhou C (2008) Triple oxygen isotope evidence for elevated CO2 levels after a Neoproterozoic
glaciation. Nature 453(7194):504–506

123

Biogeochemistry
Beard BL et al (1999) Iron isotope biosignatures. Science
285:1889–1892
Brantley SL et al (2004) Fe isotopic fractionation during mineral
dissolution with and without bacteria. Geochim Cosmochim Ac 68(15):3189–3204
Brendel PJ, Luther GW III (1995) Development of a gold
amalgam voltammetric microelectrode for the determination of dissolved Fe, Mn, O2, and S(-II) in porewaters of
marine and fresh-water sediments. Environ Sci Technol
29(3):751–761
Bullen TD, White AF, Childs CW, Vivit DV, Schulz MS (2001)
Demonstration of significant abiotic iron isotope fractionation in nature. Geology 29(8):699–702
Cawley KM et al (2016) Characterization of dissolved organic
material in the interstitial brine of Lake Vida, Antarctica.
Geochim Cosmochim Ac 183:63–78
Craddock PR, Dauphas N (2010) Iron isotopic compositions of
geological reference materials and chondrites. Geostand
Geoanal Res 35(1):101–123
Crosby HA, Johnson CM, Roden EE, Beard BL (2005) Coupled
Fe(II)–Fe(III) electron and atom exchange as a mechanism
for Fe isotope fractionation during dissimilatory iron oxide
reduction. Environ Sci Technol 39(17):6698–6704
Doran PT et al (2002) Valley floor climate observations from the
McMurdo dry valleys, Antarctica, 1986–2000. J Geophys
Res 107(D24):4772
Doran PT, Fritsen CH, McKay CP, Priscu JC, Adams EE (2003)
Formation and character of an ancient 19-m ice cover and
underlying trapped brine in an ‘‘ice-sealed’’ east Antarctic
lake. Proc Natl Acad Sci USA 100(1):26–31
Doran PT et al (2008) Entry approach into pristine ice-sealed
lakes—Lake Vida, East Antarctica, a model ecosystem.
Limnol Oceanogr Methods 6:542–547
Dugan HA et al (2015) Subsurface imaging reveals a confined
aquifer beneath an ice-sealed Antarctic lake. Geophy Res
lett 42:96–103
Feng D, Roberts HH (2011) Geochemical characteristics of the
barite deposits at cold seeps from the northern Gulf of
Mexico continental slope. Earth Planet Sci Lett 309(1–2):
89–99
Fountain AG, Nylen TH, Monaghan A, Basagic HJ, Bromwich
D (2010) Snow in the McMurdo dry valleys, Antarctica. Int
J Climatol 30:633–642
Gledhill M, van den Berg CMG (1994) Determination of complexation of iron(III) with natural organic complexing
ligands in seawater using cathodic stripping voltammetry.
Mar Chem 47(1):41–54
Green WJ, Lyons WB (2009) The saline lakes of the McMurdo
dry valleys, Antarctica. Aquat Geochem 15(1–2):321–348
Ionescu D, Heim C, Polerecky L, Thiel V, de Beer D (2015)
Biotic and abiotic oxidation and reduction of iron at circumneutral pH are inseparable processes under natural
conditions. Geomicrobiol J 32(3–4):221–230
Johnson CM, Beard BL, Roden EE (2008) The iron isotope
fingerprints of redox and biogeochemical cycling in modern and ancient Earth. Annu Rev Earth Planet Sci 36(1):
457–493
Jones ME, Beckler JS, Taillefert M (2011) The flux of soluble
organic-iron(III) complexes from sediments represents a
source of stable iron(III) to estuarine waters and to the
continental shelf. Limnol Oceangr 56(5):1811–1823

123

Jones LC, Peters B, Lezama Pacheco JS, Casciotti KL, Fendorf
S (2015) Stable isotopes and iron oxide mineral products as
markers of chemodenitrification. Environ Sci Technol
49(6):3444–3452
Kenig F et al (2016) Perchlorate and volatiles of the brine of Lake
Vida (Antarctica): implication for the in situ analysis of
Mars sediments. J Geophy Res Planets 121(7):1190–1203
Klueglein N et al (2014) Potential role of nitrite for abiotic Fe(II)
oxidation and cell encrustation during nitrate reduction by
denitrifying bacteria. Appl Environ Microbiol 80(3):1051–
1061
Kuhn E et al (2014) Brine assemblages of ultrasmall microbial
cells within the ice cover of Lake Vida, Antarctica. Appl
Environ Microbiol 80(12):3687–3698
Liu X, Millero FJ (2002) The solubility of iron in seawater. Mar
Chem 77(1):43–54
Luther GW III et al (2008) Use of voltammetric solid-state
(micro)electrodes for studying biogeochemical processes:
laboratory measurements to real time measurements with
an in situ electrochemical analyzer (ISEA). Mar Chem
108(3–4):221–235
Marx JG, Carpenter SD, Deming JW (2009) Production of
cryoprotectant extracellular polysaccharide substances
(EPS) by the marine psychrophilic bacterium Colwellia
psychrerythraea strain 34H under extreme conditions. Can
J Microbiol 55(1):63–72
Mikucki JA et al (2009) A contemporary microbially maintained subglacial ferrous ‘‘ocean’’. Science 324(5925):
397–400
Millero FJ, Gonzalez-Davila M, Santana-Casiano JM (1995)
Reduction of Fe(III) with sulfite in natural waters. J Geophys Res 100(D4):7235–7244
Murray AE et al (2012) Microbial life at -13 °C in the brine of
an ice-sealed Antarctic lake. Proc Natl Acad Sci USA
109(50):20626–20631
Ojha L et al (2015) Spectral evidence for hydrated salts in
recurring slope lineae on Mars. Nat Geosci 8(11):829–832
Ostrom NE, Gandhi H, Trubl G, Murray AE (2016) Chemodenitrification in the cryoecosystem of Lake Vida, Victoria
Valley, Antarctica. Geobiology. doi:10.1111/gbi.12190
O’Sullivan DW, Hanson AK, Kester DR (1995) Stopped flow
luminol chemiluminescence determination of Fe(II) and
reducible iron in seawater at subnanomolar levels. Mar
Chem 49:65–77
Peters B et al (2014) Stable isotope analyses of NO2-, NO3-,
and N2O in the hypersaline ponds and soils of the
McMurdo dry valleys, Antarctica. Geochim Cosmochim
Ac 135(C):87–101
Salvatore MR et al (2013) Development of alteration rinds by
oxidative weathering processes in Beacon Valley,
Antarctica, and implications for Mars. Geochim Cosmochim Ac 115(C):137–161
Samarkin VA et al (2010) Abiotic nitrous oxide emission from
the hypersaline Don Juan Pond in Antarctica. Nat Geosci
3(5):341–344
Stevens EWN et al (2015) Barite encrustation of benthic sulfuroxidizing bacteria at a marine cold seep. Geobiology
13(6):588–603
Turchyn AV, Sivan O, Schrag DP (2006) Oxygen isotopic
composition of sulfate in deep sea pore fluid: evidence for
rapid sulfur cycling. Geobiology 4:191–201

Biogeochemistry
Viollier E, Inglett PW, Hunter K, Roychoudhury AN, Van
Cappellen P (2000) The ferrozine method revisited: Fe(II)/
Fe(III) determination in natural waters. Appl Geochem
15:785–790
Weber KA, Achenbach LA, Coates JD (2006) Microorganisms
pumping iron: anaerobic microbial iron oxidation and
reduction. Nat Rev Microbiol 4(10):752–764

Zavala K, Leitch AM, Fisher GW (2011) Silicic segregations of
the Ferrar Dolerite Sills, Antarctica. J Petrol 52(10):1927–
1964

123

