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Abstract

Trace elements are central components of enzymes that catalyze many of the essential reactions mediated by life. The redox
sensitive nature of trace elements also permits their use as a record of ancient ocean conditions preserved in the geologic
record. Trace element geochemistry in modern stratified systems is often used as a proxy for the redox state of the ancient
oceans, which are thought to have been largely anoxic. In the present study, we examined trace element behavior of simul-
taneously collected samples at a heretofore unprecedented depth resolution (1–0.25 m intervals) throughout the
redox-stratified water column of Fayetteville Green Lake, N.Y. (FGL), a 53 m deep meromictic lake under euxinic conditions
similar to those thought to have been prevalent in Proterozoic oceans. Among characterized Proterozoic ocean analogs, FGL
represents an understudied proxy in terms of trace elements, with characteristics of low salinity and high sulfate. In the FGL
water column, spikes in the concentration of dissolved Mn, Fe and Co are coincident with the transition from oxic to euxinic
conditions, and are associated with a decrease in dissolved Mo concentration. In contrast, the concentration of dissolved Ni
did not vary across this transition despite the dramatic shift in redox state. From these data we present a one dimensional
model for element transport and cycling through the water column to the sediments. Collectively, this comprehensive analysis
of water column geochemistry provides insight into the effects of biogeochemical cycling in stratified systems on dissolved
trace element concentrations in the water column. This study, in concert with characterization of other early Earth analogs,
will greatly enhance the use of trace elements in interpreting the geologic record.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Trace elements are central components of enzymes that
catalyze many reactions mediated by and essential to life.
Fe serves numerous functions in organisms including haem
(a Fe2+-containing cofactor) iron for O2 transport, electron
transfer, and protection from super-oxides. Mn and Mo
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also serve crucial roles—for instance, the former is present
in the active site of photosystem II, and the latter a key
component of the Mo-dependent nitrogenase enzyme which
catalyzes dinitrogen reduction to ammonia. Furthermore,
the redox sensitive nature of trace elements with elevated
abundance in Earth’s crust (e.g., Fe and Mn) can be
exploited as couples for energy yielding metabolic
reactions.

Trace elements may also record past redox conditions,
and have been used to constrain the redox state of the
oceans through earth history (e.g., Arnold et al., 2004;
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Rouxel et al., 2005; Scott et al., 2008; Planavsky et al., 2011;
Poulton and Canfield, 2011; Reinhard et al., 2013). These
studies, and many others, are bolstered by data gathered
from modern aquatic stratified systems and have suggested
that the earth’s oceans were locally to globally stratified,
with a potentially transient oxic surface over anoxic to
euxinic deeper water (Kump et al., 2005; Meyer and
Kump, 2008; Severmann et al., 2008; Planavsky et al.,
2011; Poulton and Canfield, 2011), throughout the
Proterozoic and even into the Archaean and Cenozoic,
encompassing over half of Earth’s history.

Reduction potential is the main factor controlling the
solubility and speciation of many trace elements in aquatic
systems, driven by the presence of oxygen or sulfide and
influenced by the biogeochemical cycling of the endemic
microbial community (Murray, 1987; Hamilton-Taylor
and Davison, 1995). Trace element concentrations in strat-
ified systems are also linked to the presence of oxygen
and/or sulfide and microbial activity, with the transition
between the upper oxic zone and lower euxinic zone
demarking the greatest change in trace element composi-
tion. Stratified conditions in oceans on the early Earth have
been implied as potential drivers of enzymatic evolution
based on arguments that the availability of trace metals var-
ies with redox conditions (Anbar and Knoll, 2002; Saito
et al., 2003; Dupont et al., 2010).

Stratified aquatic systems ranging from fresh to hyper-
saline have been characterized with regard to trace element
geochemistry (e.g. Paul Lake, MI, Taillefert and Gaillard,
2002; Lago di Cadagno, Switzerland, Tonolla et al., 1998
and Dahl et al., 2010; ice-covered Lake A, Canada,
Gibson et al., 2002; Framvaren Fjord, Norway, Jacobs
et al., 1985; Yao and Millero, 1995; Mariager Fjord,
Denmark, Ramsing et al., 1996; Drammensfjord,
Norway, Öztürk, 1995; the Black Sea, Lewis and
Landing, 1991, 1992; Orca Basin, Gulf of Mexico, Van
Cappellen et al., 1998). From this body of literature, we
can predict general behaviors of trace elements in stratified
systems, including lower dissolved Mn and Fe concentra-
tion and higher dissolved Mo concentration in the oxic
zone, and higher dissolved Mn and Fe and lower dissolved
Mo concentration in the euxinic zone. However, most of
these studies are based on samples not collected from a
single time point, requiring an assumption that samples
collected across hours or even days are directly comparable.
Furthermore, previous studies have focused on fresh water
systems with low sulfate concentrations (e.g., Lago di
Cadagno, <2 mM SO4

2�) or saline to hypersaline marine
water systems replete with sulfate in the water column
(e.g., Framvaren Fjord, >10 mM SO4

2�; Black Sea,
�18 mM SO4

2�; Orca Basin, 33.5 mM SO4
2�), but not on

low salinity, high sulfate systems. In all modern aquatic
stratified systems, biological sulfate reduction is the source
of sulfide that maintains euxinia; therefore, in freshwater
systems, sulfate availability is the main limiting factor for
sulfide generation (Cappenberg, 1974; Lovley and Klug,
1983; Sinke et al., 1992; Lamers et al., 1998). Thus, strati-
fied fresh water systems with high sulfate concentrations
represent an important gap in our understanding of redox
gradients and trace metal behavior. In order to produce a
dataset that is devoid of temporal influences in water col-
umn geochemistry in a stratified freshwater system with
intermediate levels of sulfate, we conducted the first simul-
taneous measurement of trace element concentrations cou-
pled to water chemistry throughout the water column of
Fayetteville Green Lake, N.Y.

Fayetteville Green Lake (FGL) near Fayetteville, N.Y.
(Fig. 1) was the first meromictic lake to be described in
North America (Eggleton, 1931), and the water column
geochemistry has been studied for nearly 100 years
(Eggleton, 1931, 1956; Deevey et al., 1963; Turano and
Rand, 1967; Takahashi et al., 1968; Brunskill and
Ludlam, 1969; Jelacic, 1970; Torgersen et al., 1981; Fry,
1986; Thompson et al., 1990; Zerkle et al., 2010; Hunter,
2012; Oduro et al., 2013). These studies indicate FGL has
an oxic mixolimnion from 0 to 15 m depth that is supersat-
urated with dissolved O2 (up to 420 lM), a more saline and
euxinic monimolimnion (total sulfide concentration of up
to 1.86 mM) from �21 m to the bottom at 53 m, and a
6 m thick chemocline (boundary zone between the mixolim-
nion and the monimolimnion) from 15 to �21 m that tran-
sitions between the oxic and euxinic layers, the bottom of
which is demarked by a redoxcline and a dense population
of anoxygenic photosynthetic bacteria (microbial plate)
(Fig. 1). In contrast to previous studies of stratified systems,
FGL is unique in that the water is fresh to slightly brackish
with a sulfate concentration of 11.7 to 15.1 mM (Brunskill
and Ludlam, 1969), which falls between the low sulfate
fresh water and high sulfate saline to hypersaline water
end members. The elevated sulfate concentration
(compared to fresh water systems) results from input of
groundwater flowing through gypsum-bearing shale. The
sulfate concentration of FGL is also similar to the values
estimated for Proterozoic oceans immediately following
the Great Oxidation Event (Planavsky et al., 2012).

Previous measurements of Mn made at FGL indicated
low concentrations in the mixolimnion, high concentrations
in the monimolimnion and a peak in Mn concentration at
the chemocline (Torgersen et al., 1981), while the concentra-
tions of other trace metals have not been investigated. In the
present study, we examined trace element behavior in the
redox-stratified water column of FGL using a simultaneous
high depth-resolution sampling apparatus (McCormick
et al., 2014). We collected samples through the 53 m water
column of FGL in November, 2012 and July, 2013 to deter-
mine concentrations of five biologically-important trace ele-
ments (Mn, Fe, Co, Ni, and Mo) coupled to contextual
geochemical analyses at a higher depth resolution than has
been reported to date for any stratified system. These data,
coupled to bulk pore water values, suggest a complex inter-
action of biogeochemical cycling and transport of elements
from the water column to the sediments. We propose a con-
ceptual model that describes the cycling of Mn and Fe in the
water column and transport of Mn, Fe, and Mo from the
water column to the sediments.

2. METHODS

High depth-resolution sampling was conducted using
the sampling apparatus described in McCormick et al.
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(2014). In short, syringes were placed under vacuum with
an affixed glass pipette tip, attached to a 52 m sampling
device (every meter, except between 16 and 24 m, where syr-
inges were deployed every 0.25 m), and were triggered
simultaneously with a messenger. Following triggering,
the syringes were retrieved, immediately placed on ice
(�4 �C), and transported to Hamilton College, Clinton,
NY where they were processed within �6 h of collection.
Depths lacking data are a result of syringe plunger failure
due to high pressures at depth.

Sediment cores were collected to a depth of �40 cm
using 2 inch diameter gravity corers fitted with �50 cm long
polycarbonate liners. Upon retrieval, sediment cores were
capped without headspace and kept on ice (�4 �C) until
processed. For analysis, the top 30 cm of sediments were
extruded and homogenized in a glove box with a 100%
N2 headspace. Pore water was recovered by centrifugation
of sediments (50 mL at 3000 rpm and 4 �C for 10 min)
and subsequently filtered and stored as described below.

Temperature, conductivity, pH, turbidity, and oxida-
tion–reduction potential (ORP) were determined in situ

with a calibrated YSI 6600 multi-parameter sonde probe
(YSI Incorporated, Yellow Springs, OH, USA) on days
that samples were collected. ORP was not collected for
July, 2013. Total sulfide (RS2� = H2S + HS� + S2�)
concentration was determined from 1 ml sample aliquots
dispensed into 2 mL screw top microcentrifuge tubes
pre-filled with 0.5 mL of 20% w/w zinc acetate solution.
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Samples were then vortexed for 5 s and stored at 4 �C in the
dark until analysis. Sulfide was determined colorimetrically
using the method of Cline (1969).

Water samples (10 mL) were filtered through 25 mm
diameter, 0.22 lm polyethersulfone syringe filters (VWR
International, Radnor, PA) into 15 mL centrifuge tubes
that had been pre-soaked in 18.2 MO/cm DI water.
Anion samples from November, 2012 (for chloride and
nitrate) were analyzed with a Dionex ICS2500 ion chro-
matography (IC) system (Dionex, Sunnyvale, CA, USA).
Detection limits were 11 lM for chloride, and 6.5 lM for
nitrate. Samples from November, 2012 for total ammonium
were analyzed with a Hach DR2700 spectrophotometer on
filtered water samples that had been left refrigerated and
exposed to oxygenated atmosphere to eliminate potential
sulfide interference. Samples were diluted with
18.2 MO/cm DI water and analyzed using Hach Method
8155 for determining total ammonia within the range of
0.01–0.50 mg/L (0.6–28 lM). November, 2012 cation sam-
ples were determined via a Thermo X-Series II
Quadrupole collision cell technology enabled
inductively-coupled plasma mass spectrometer (Thermo
Fisher Scientific, Waltham, MA). Anions (Cl�, SO4

2�, and
NO3

�) and cations (Ca2+, Mg2+, Na+, and NH4
+) from

July, 2013 were quantified by IC using parallel Metrohm
861 Advanced Compact IC units. Dissolved inorganic car-
bon (DIC) and dissolved organic carbon (DOC) analyses
were conducted by the Stable Isotope Facility at
University of California, Davis. DIC was analyzed using
a GasBench II system interfaced to a Delta V Plus isotope
ratio mass spectrometer (IR-MS) (Thermo Scientific,
Bremen, Germany). DOC was determined via an O.I.
Analytical Model 1030 TOC Analyzer (O.I. Analytical,
College Station, TX) interfaced to a PDZ Europa 20-20 iso-
tope ratio mass spectrometer (Sercon Ltd., Cheshire, UK)
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Fig. 2. Water temperature (Temp.), salinity, pH, and turbidity measured
values from November 10, 2012, black lines from July 16, 2013. Tempera
as g/L, and turbidity in nephelometric turbidity units (NTU). Black dotte
the bottom of the chemocline.
utilizing a GD-100 Gas Trap Interface (Graden
Instruments) for concentration and isotope ratio determi-
nation. Trace element analysis was conducted via a
Thermo X-Series II Quadrupole collision cell technology
enabled inductively-coupled plasma mass spectrometer
(Thermo Fisher Scientific, Waltham, MA). Single element
certified standards (CPI International) and NIST
Standard Reference Material 1643e were used for quantifi-
cation of all trace elements analyzed.

Details of analytical procedures for determining major
ions, dissolved carbon, and trace elements can be found
in the Supplementary online material (SOM), as well as
data tables for all results. Anion speciation and saturation
indices calculations are also described in the SOM.

3. RESULTS

3.1. General geochemistry

Temperature profiles from November, 2012 and July,
2013 show the monimolimnion remained unchanged at
�7 �C while the mixolimnion showed considerable seasonal
variation (Fig. 2). Relatively uniform profiles for tempera-
ture and pH (Fig. 2) as well as dissolved oxygen (D.O.,
Fig. 3) in the mixolimnion for November suggests recent
mixing to a depth of at least 15 m (top of the chemocline).
At both time points an ‘elbow’ in temperature is observed
through the chemocline (the transition zone between the
mixolimnion and the monimolimnion) and pH decreases
from �8 in the mixolimnion to 6.8 in the monimolimnion.
Levels of total dissolved solids (TDS) were less (�2 g/L)
above the chemocline and increase to �2.8 g/L below the
chemocline (Fig. 2). A peak in turbidity associated with a
dense microbial community (microbial plate) was observed
at the base of the chemocline (�20 m) in both the
1.5 2 2.5 3
TDS (g/L)  

Jul., 2013

0 10 20
Turbidity (NTU)

via SONDE cast plotted against water depth. Grey lines represent
ture is reported in degrees Celsius (�C), total dissolved solids (TDS)
d line indicates the top of the chemocline, and the grey dashed line
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November, 2012 and July, 2013 profiles (Fig. 2). D.O. con-
centration drops from super saturation at 15 m to below
detection limits near 20 m in both November and July. In
contrast, total dissolved sulfide (RS2�) concentration
increases to above detection limits (>10 lM) between 20.5
and 20.75 m. This transition is concurrent with an abrupt
shift in oxidation reduction potential (ORP) from
+91 mV to �274 mV at 20.3 m (Fig. 3).

The concentration of major cations and anions through-
out the water column were similar regardless of sample col-
lection time (Fig. 4). In general, concentrations were lower
in the mixolimnion and higher in the monimolimnion with
the exception of nitrate (Fig. 4). Mixolimnion average
values were similar for November and July for Na+ (1.1
and 1.0 mM), Mg2+ (2.5 and 2.3 mM), Ca2+ (10.5 and
10.9 mM), HCO3

� (2.9 and 2.6 mM), and Cl� (1.4 and
1.5 mM). Average SO4

2� values were 9.9 mM in July (not
determined for November). Monimolimnion average values
were all greater than the mixolimnion, and were similar for
November and July for Na+ (1.3 and 1.4), Mg2+ (3.4 and
3.0 mM), Ca2+ (15.5 and 15.0 mM), HCO3

� (3.6 and
3.9 mM), and Cl� (2.0 and 2.1 mM). Average SO4

2� values
were 14.3 mM in July. The concentration of nitrate was
�60 lM in the mixolimnion but was not detectable below
the chemocline (detection limit �1 lM). Ammonium con-
centrations were of similar magnitude to those of nitrate
in the chemocline, although increasing with depth and ris-
ing to over 500 lM in the monimolimnion.

3.2. Trace elements

The redox sensitive trace element concentrations show a
complex behavior across the transition zone from the oxic
mixolimnion to the euxinic monimolimnion (Fig. 5).
Lower total dissolved Mn concentration was observed in
the mixolimnion (average values of 16 and 15 nM for
November and July, respectively). In contrast, the average
dissolved Mn concentration was over three orders of mag-
nitude higher in the monimolimnion (6.8 and 6.4 lM for
November and July, respectively) and the highest concen-
trations were observed in the chemocline (61.4 lM at
21.25 m in November and 58.5 lM at 20.5 m in July)
(Fig. 5). Dissolved Mn concentration exhibits a decrease
with depth in the monimolimnion below the chemocline
peak, dropping from �10 lM at 25 m to below 5 lM at
the greatest depths (Fig. 5). The oxic mixolimnion has
lower dissolved Fe (average of 28 nM in November,
17 nM in July) due to the insolubility of Fe3+

oxy-hydroxides. In contrast, the euxinic monimolimnion
below 24 m has an average dissolved Fe concentration that
is higher (185 nM in November, 154 nM in July) (Fig. 5).
There is a peak in dissolved Fe concentration associated
with the chemocline, at 21.75 m (3.2 lM) in November
and at 20.75 m (2.0 lM) in July, which is consistently
0.25–0.5 m below the peak in dissolved Mn, but within
the turbidity peak and the euxinic zone. Dissolved Co fol-
lows the concentration pattern of dissolved Mn in both
November, 2012 and July 2013, with lower concentration
in the mixolimnion (average of 1.8 and 1.7 nM, respec-
tively), peak concentrations that coincide with peak
dissolved Mn concentration (86.2 nM at 21.25 m in
November and 32.9 nM at 20.5 m in July), and elevated
concentration in the monimolimnion that are roughly
stable below 25 m (9.6 and 8.9 nM, respectively) (Fig. 5).
The concentration of dissolved nickel did not show any
deviation throughout the water column of FGL, with an
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average value of �91 nM (Fig. 5). The average concentra-
tion of dissolved Mo in the FGL mixolimnion was 186
and 179 nM, and 17 and 13 nM in the monimolimnion
for November 2012 and July 2013, respectively, with the
oxic zone dissolved Mo concentration higher than average
ocean values (�105 nM, Collier, 1985).

4. DISCUSSION

4.1. Characterization of the water column

The water column at FGL consists of three zones, the
upper mixolimnion from the surface to 15 m, characterized
by D.O. at or above saturation, temperatures that change
dramatically from fall to summer, and relatively high pH
(Figs. 2 and 3); the chemocline from 15 to 21 m, which tran-
sitions from oxic at the top to euxinic at the bottom, and
exhibits a temperature ‘elbow’; and the lower moni-
molimnion from 21 to 53 m, characterized by sulfide con-
centrations greater than 50 lM, temperatures that are
stable and consistent at �7 �C, and pH values near 7.
Elevated temperature of the surface water in July likely
reflects seasonal warming and accumulation of runoff.
The ‘elbow’ in temperature measured through the chemo-
cline was observed at both time points. The peak of this
elbow is higher in November than in July, despite the war-
mer surface temperature suggesting a lag in time for heat
transfer and thermal cycling at this depth relative to the
lake surface.

The turbidity peak located at the base of the chemocline
and the top of the monimolimnion coincides with an abun-
dance of photosynthetic microorganisms as is observed in
other meromictic systems such as Mahoney Lake and
Lago di Cadagno (Northcote and Hall, 1983; Overmann
et al., 1991; Camacho et al., 2001). A study of pigment con-
centrations conducted from May through November of
2011 at FGL showed a strong correlation between the tur-
bidity peak, redoxcline, and the occurrence of photosyn-
thetic pigments (Hunter, 2012). That study also suggested
a seasonal shift in the photosynthetic community composi-
tion and turbidity maximum from a purple sulfur bacteria
(PSB) predominant plate (based on abundance of
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bacteriochlorophyll (BChl) a) at a depth of 20 m in May to
a green sulfur bacteria (GSB) predominant plate (based on
abundance of bacteriochlorophyll (BChl) e) at a depth of
21 m in September. The observation of different photosyn-
thetic pigments with depth throughout the redoxcline is
consistent with other stratified systems where distinct pho-
totroph assemblages occupy the redox stratified chemocline
(e.g., Lake Mahoney, Northcote and Hall, 1983; Overmann
et al., 1991; Lago di Cadagno, Camacho et al., 2001).
Within the chemocline of these systems and presumably
FGL, anoxygenic photosynthetic organisms dominate the
oxidative arm of the sulfur cycle – oxidizing reduced sulfur
species including thiosulfate, sulfide and elemental sulfur
producing elemental sulfur or sulfate (Thompson et al.,
1990; Zerkle et al., 2010).

Major cations and anions provide a framework for
interpreting trace element behavior in the water column.
Trends in concentration change of Ca2+ and SO4

2�, which
are subject to precipitation, dissolution, or biogeochemical
transformation, deviated from that of the conservative con-
stituents Na+ and Cl�, while Mg2+ and HCO3

� appear to
follow the pattern of Na+ and Cl�. Specifically, gypsum
(CaSO4) is below saturation in the mixolimnion and super-
saturated at and below 19 m (SOM Fig. 1), maintaining
nearly constant Ca2+ and SO4

2� concentrations through
the monimolimnion (Fig. 4). TDS is dominated by Ca2+

and SO4
2�, and the abrupt increase in TDS that marks the

boundary between the bottom of the chemocline and the
top of the monimolimnion is due to the increase in those
ions.

4.2. Manganese

Manganese is redox sensitive, and is assumed to be
delivered to FGL as insoluble manganoan oxides from run-
off, settling to the redox transition in the chemocline, where
it is reduced to more soluble Mn2+, producing the peak in
dissolved Mn concentration at the bottom of the
chemocline (Fig. 5). The peak in dissolved Mn observed
in both November and July coincides with increased turbidity
associated with the microbial plate, and occurs nearly a
meter higher in the water column in July compared to
November (Fig. 6). The peak in July also exhibits a broader
peak with a large shoulder in the oxic zone. The differences
in the profile of Mn concentration between November and
July may indicate biotic processes or changes in the micro-
bial community that affect Mn chemistry in and near the
chemocline. The overlap of O2 and Mn2+ profiles between
15 and 20 m for July implies slow manganese oxidation
kinetics. It is generally assumed that Mn oxidation in aqua-
tic environments is driven by biological processes because
the kinetics of abiotic oxidation are relatively slow (Tebo
et al., 2004).

The overall pattern in dissolved Mn with a peak between
the drop in D.O. and increase in RS2� is a phenomenon
observed in many stratified aquatic systems ranging from
fresh to hypersaline (e.g., Paul Lake, Taillefert and
Gaillard, 2002; Lago di Cadagno, Tonolla et al., 1998;
Lake A, Gibson et al., 2002; Framvaren Fjord, Yao and
Millero, 1995; Mariager Fjord, Ramsing et al., 1996;
Drammensfjord, Öztürk, 1995; the Black Sea, Lewis and
Landing, 1991, Tebo, 1991; Orca Basin, Trefry et al.,
1984; Van Cappellen et al., 1998). The peak has been attrib-
uted to biologically mediated cycling of insoluble Mn(IV)
(as MnO2) in the oxic zone and soluble Mn2+

(aq) in the euxinic
zone (Trefry et al., 1984; Tebo, 1991; Van Cappellen et al.,
1998; Taillefert and Gaillard, 2002). Mn thus acts as a
microbially mediated redox shuttle between the oxic and
euxinic zones, with Mn2+

(aq) diffusing upward, being oxidized
to Mn(IV) or Mn(III) which then settles as MnOx particu-
lates (where x 6 2) to be reduced once again to Mn2+

(aq). In
support of this hypothesis, peaks in particulate Mn are
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often found above peaks in dissolved Mn (Trefry et al.,
1984; Lewis and Landing, 1991; Öztürk, 1995; Ramsing
et al., 1996; Van Cappellen et al., 1998; Tankere et al.,
2001; Taillefert and Gaillard, 2002; Yakushev et al.,
2009). The rate of Mn2+ oxidation is elevated in the pres-
ence of bacteria (Hastings and Emerson, 1986). The abrupt
decrease in Mn concentration moving up the water column
could be indicative of microbially mediated Mn oxidation.
Indirect reduction of Mn(IV) driven by
microbially-generated sulfide has been observed (Burdige
and Nealson, 1986) according to the reaction:

MnO2 þHS� þ 3Hþ ¼> Mn2þ þ S0 þH2O ð1Þ

Biologically mediated Mn(IV) reduction coupled to oxida-
tion of reduced sulfur species has also been observed
(Aller and Rude, 1988), according to the reactions:

4MnO2 þHS� þ 7Hþ ¼> 4Mn2þ þ SO2�
4 þ 4H2O ð2Þ

3MnO2 þ S0 þ 4Hþ ¼> 3Mn2þ þ SO2�
4 þ 2H2O: ð3Þ

Additionally, Fe2+ oxidation has also been linked to Mn
reduction (Myers and Nealson, 1988) via the following
reactions:

MnO2 þ 2Fe2þ þ 4Hþ ¼> Mn2þ þ 2Fe3þ þ 2H2O ð4Þ

MnO2 þ 2Fe2þ þH2O ¼> Mn2þ þ Fe2O3 þ 2Hþ: ð5Þ

A sharp peak in S0 (concentration >30 lM) has been
observed at 20.5 m coincident with the increase of sulfide
concentrations above detection limits (�1 lM) and a
turbidity peak from samples collected in October of 2008
and April of 2009 (Zerkle et al., 2010). Sulfur isotopic
analysis indicated S0 d34S values consistent with production
via sulfide oxidation by anoxygenic phototrophs. These
observations, coupled to the occurrence of the dissolved
Mn peak below the onset of euxinia (�20.5 m, defined by
ORP and RS2� in Fig. 3) suggests the production of S0 is
linked to anoxygenic photosynthesis rather than abiotic
reduction of Mn(IV) by HS� because the peak in Mn2+

occurs below the appearance of HS�. Still, reaction 1 can-
not be ruled out. Alternatively, S0 production can occur
via the autocatalytic reduction of HS� by Mn2+ (Morse
et al., 1987), according to the following reactions:

Mn2þ þHS� þO2 ¼> Mn2þ þ S0 þHO�2 ; ð6Þ

and

HO�2 þHS� ¼> 2OH� þ S0: ð7Þ

Co2+ (discussed below) is a more effective catalyst than
Mn2+, so an increase of free Co2+ would make Co available
to drive the autocatalytic conversion of HS� to S0 with Co
replacing Mn in reaction 6 (Morse et al., 1987), potentially
contributing to the creation of S0 in the chemocline. The
diffusion of NH4

+ from the monimolimnion and NO3
� from

the mixolimnion into the zone of peak dissolved Mn con-
centration (Fig. 6) suggest biologically mediated Mn(IV)
reduction coupled with NH4

+ oxidation to N2, and Mn2+
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oxidation coupled with NO3
� reduction to N2 (Luther et al.,

1997) could contribute to Mn cycling in the chemocline via
the reactions:

3MnO2 þ 2NHþ4 þ 4Hþ ¼> 3Mn2þ þN2 þ 6H2O; ð8Þ

and

5Mn2þ þ 2NO�3 þ 8OH� ¼> 5MnO2 þN2 þ 4H2O; ð9Þ

In oxygen minimum zones (OMZs) today, low N:P ratios
have been interpreted as net fixed-N loss presumably due
to denitrification and anaerobic ammonia oxidation
(Kuypers et al., 2005; Johnston et al., 2009). In the redox-
cline of FGL, biogeochemical cycling of Mn in the chemo-
cline could be a putative net sink for dissolved inorganic
nitrogen.

The decrease in dissolved Mn down the water column in
the monimolimnion indicates a mechanism of removal/loss.
Carbonate precipitation is a greater control on removal of
Mn from anoxic water than sulfide, and when present, cal-
cite will serve as a nucleation site for solid solution
Mn-Ca-carbonates (Mucci, 2004). Furthermore, man-
ganoan calcite is associated with biological Mn reduction
(Aller and Rude, 1988), and up to 75% of Mn in anoxic
Black Sea sediments has been found to be associated with
the carbonate phase (Kiratli and Ergin, 1996). Calculation
of the rhodochrosite (MnCO3) saturation index based on
solubility product values from Jensen et al. (2002) indicate
saturation to supersaturation conditions are present in the
chemocline (Fig. 7) and below. However, large
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discrepancies exist between the solubility product values
from resuspension of rhodochrosite crystals (yielding a
lower solubility product) and precipitation from a supersat-
urated solution (yielding a higher solubility product)
(Jensen et al., 2002). Thus, the interpretation of near
saturation versus supersaturation of rhodochrosite in the
monimolimnion (Fig. 7) varies depending on the Ksp used.
The continuing decrease in dissolved Mn concentration
throughout the water column suggests precipitation of rho-
dochrosite or a mixed Ca-Mn carbonate such as kutna-
horite (CaMn(CO3)2), supporting the lower solubility
product value from Jensen et al. (2002). Given the precipi-
tation of calcite in the oxic zone of FGL as a result of oxy-
genic phototrophs (including “whiting events”; Thompson
et al., 1997), there is presumably a seasonal supply of calcite
precipitated by cyanobacteria serving as nucleation sites for
precipitation of manganous carbonates as a disordered car-
bonate phase (Mucci, 2004) throughout the water column.
The relatively low concentration of dissolved Mn in sedi-
ment pore water (123 nM compared to 4329 nM in the
immediately overlying water; Fig. 5) further supports a car-
bonate sink for Mn consistent with Kiratli and Ergin
(1996).

4.3. Iron

The peak in dissolved Fe concentration in the
chemocline and elevated dissolved Fe in the sulfidic
monimolimnion is presumably due to the reduction of
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insoluble Fe(III) to soluble Fe2+, which is in turn con-
strained by the presence of sulfide and the potential for for-
mation and precipitation of irons sulfides (Fig. 8).
Saturation indices were calculated for metastable iron sul-
fide minerals (a.k.a. acid volatile sulfides, which are soluble
in hot HCl) amorphous iron monosulfide (FeSamorphous),
mackinawite (FeS), and greigite (Fe3S4) using Ksp values
from Morse et al. (1987), and the proposed amorphous
mineral FeMo0.6S2.8 using Ksp values from Helz et al.
(2011) (Fig. 9). While FeSamorphous is undersaturated
throughout the water column, greigite and FeMo0.6S2.8

(discussed in Section 4.6. below) transitions from undersat-
urated to supersaturated coincident with the peak in dis-
solved Fe concentration, and mackinawite approaches
saturation near 40 m. Pyrite (FeS2) is supersaturated
throughout the water column (calculations not shown,
Ksp values from Morse et al., 1987); however, a previous
study at FGL showed that little pyrite was formed in the
water column, and most was formed diagenetically in the
top 15 cm of sediments (Suits and Wilkin, 1998). Pyrite
forms according to the reaction:

Fe2þ þHS� þ S0 ¼> FeS2 þHþ: ð10Þ

Given the paucity of S0 in the water column, pyrite precip-
itation would be inhibited except near the redoxcline where
S0 is produced by anoxygenic phototrophs oxidizing sulfide
(Zerkle et al., 2010). The diagenetic formation of pyrite in
the sediments suggests a steady source of S0.

The position of the dissolved Fe peak below that of the
dissolved Mn peak is consistent with what has been
Microbial Plate Zone

Fe

0 1500 3000
Fe  (nM)

0 200 400 600 800
 (μM)

ΣS2-

ΣS2-

November, 2012
15

20

25

0 50 100 150 200

D
ep

th
 (m

)

Mo

Mo  (nM)

Fig. 8. Zoom in of dissolved Fe, dissolved Mo, and RS2� concentration f
represented by a grey-filled solid black line, Mo by a solid dark grey l
associated with the microbial plate is shown by a shaded black box. Not
observed in other stratified systems, including Esthwaite
Water (Hamilton-Taylor et al., 2005), Lago di Cadagno
(Tonolla et al., 1998), Framvaren Fjord (Jacobs et al.,
1985; Haraldsson and Westerlund, 1988), Drammensfjord
(Öztürk, 1995), the Black Sea (Haraldsson and
Westerlund, 1988; Lewis and Landing, 1991; Tankere
et al., 2001), and Orca Basin (Van Cappellen et al., 1998).
The location of the peak in dissolved Fe (presumed to be
Fe2+) below that of dissolved Mn (presumed to be Mn2+)
is consistent with Fe(III) as insoluble oxy-hydroxide partic-
ulates, often depicted as Fe(OH)3, settling through the zone
of Mn(IV) and Mn(III) reduction to a zone of Fe(III)
reduction to Fe2+ driven by biologically mediated reduction
or abiotic reduction by sulfide. The Fe2+ then diffuses down
into the euxinic zone where it is scavenged and precipitated
as iron sulfides, or upward where it can react with MnOx to
produce Mn2+ (via Eqs. (4 and 5)) or be oxidized through
biologically mediated processes such as anoxygenic photo-
synthesis (Ehrenreich and Widdel, 1994) and produce
Fe(OH)3 that can again settle back into the zone of
Fe(III) reduction. Given the concentration of dissolved
Mn is at least an order of magnitude greater than dissolved
Fe, the contribution of Fe2+ oxidation to MnOx reduction
may be minor compared to the lM to mM concentrations
of reduced sulfur species present such as RS2� (Figs. 4 and
8), and S0 and S2O3

2� (Zerkle et al., 2010). Pore water dis-
solved Fe concentration was 1131 nM, which is over an
order of magnitude higher than the concentration of the
immediately overlying water (Fig. 5), indicating dissolution
of particulate Fe in the interstitial water. Previous work on
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FGL sediments has suggested that iron oxides can settle
through the euxinic zone without being fully reduced, with
crystalline iron oxides found in the top 17 cm of sediments,
and amorphous iron oxides in the top �3 cm (Suits and
Wilkin, 1998). The solubilization of Fe could be due, in
large part, to in situ reduction of iron oxides and diagenesis
of greigite and mackinawite to pyrite, which would also
release any elements scavenged from the water column by
the iron-sulfide minerals or associated with the
iron-oxides. Furthermore, much of the dissolved Fe2+ is
likely complexed (possibly with sulfides), as the system is
oversaturated with respect to pyrite.

4.4. Cobalt

Dissolved Co exhibits a peak in concentration coinci-
dent with that of dissolved Mn (Fig. 5). Dissolved Co con-
centrations mirroring dissolved Mn in pattern and peak
location have been reported in many stratified systems
(e.g., Framvaren Fjord and Black Sea, Jacobs et al., 1985;
Haraldsson and Westerlund, 1988; Lewis and Landing,
1991, 1992; Drammensfjord, Öztürk, 1995; Paul Lake,
Taillefert and Gaillard, 2002). Cobalt is found as Co2+ in
natural waters, and dissolved Co is predominantly present
chelated to organic compounds in freshwater (Qian et al.,
1998) as well as seawater (Ellwood and van den Berg,
2001), with a sparingly small fraction present as free
Co2+. An extensive study of particulate and dissolved Mn
and Co at a stratified lake (Paul Lake, MI) indicates inti-
mate coupling of Mn and Co, with dissolved Co scavenged
from the oxic zone by particulate MnOx through adsorp-
tion or incorporation, followed by release of dissolved Co
coincident with the reduction and dissolution of particulate
MnOx (Taillefert and Gaillard, 2002). Given the tight cou-
pling of dissolved Co to that of dissolved Mn concentration
at FGL, it seems reasonable to assume the Paul Lake model
applies. The only behavior where Co deviates from that of
Mn at FGL is in the pore water, where Co concentration
increases to 127 nM (in contrast to the decrease in Mn con-
centration observed going from monimolimnion to pore
water, Fig. 5), suggesting increased Co solubility, possibly
due to chelation with organic ligands.

4.5. Nickel

Dissolved Ni exhibits no dramatic change in concentra-
tion throughout the FGL water column. The increase in
TDS in the anoxic zone at least implies a potential increase
in Ni concentration with increasing depth even if Ni is not
sensitive to changes in redox or the presence of sulfide.
Lack of change from oxic to euxinic water is similar to
the results reported for other stratified systems (e.g.,
Drammensfjord, Öztürk, 1995; Framvaren Fjord and the
Black Sea, Jacobs et al., 1985; Haraldsson and
Westerlund, 1988; Lewis and Landing, 1992; Yiğiterhan
et al., 2011). Earlier studies focused on the effects of sulfide
scavenging of Ni and other trace elements from the water
column (Jacobs et al., 1985; Lewis and Landing, 1992),
but more recent work has demonstrated the importance
of Ni complexation with dissolved organic compounds. In
circum-neutral waters from lake, river, and groundwater
samples with DOC and Ni concentrations similar to FGL
(42–358 lM and 4–30 nM, respectively), 99.9% of dissolved
Ni was bound to organic ligands (Xue et al., 2001, filter size
of 0.45 lm). However, higher concentrations of other diva-
lent cations may effectively compete for complexing sites.
For instance, in environmental water samples with Ca2+

concentrations of >8 mM, �90% of dissolved Ni was
present as free aquo complex (Ni(H2O)6

2+), with DOC
concentrations greater than 292 lM and dissolved Ni
concentration >2.1 lM (Mandal et al., 2002, filter size of
0.45 lm). Similar levels of labile Ni (88.6%) have been
observed in river water samples (Yebra-Biurrun and
Castro-Romero, 2011). The DOC concentration in FGL
is �160 lM throughout the water column (SOM Fig. 2),
thus the Ni/DOC ratio is constant. Under these conditions,
coupled to the relatively high average concentration of
Ca2+ observed in the mixolimnion and monimolimnion,
(11.2 and 15.0 mM, respectively, Fig. 3), dissolved Ni in
FGL is expected to be in the Ni(H2O)6

2+ form. This form
of Ni, at least under the FGL-like conditions, is apparently
unaffected by dramatic changes in redox through the water
column. We hypothesize that the groundwater dissolved Ni
input is so low as to have a negligible effect on the dissolved
Ni in FGL, and that all of the dissolved Ni is associated
with DOC (sourced from organic matter input into FGL),
such that the dissolved Ni is at a ‘steady state’ that main-
tains Ni concentration at �91 nM throughout the water
column. In the sulfide-rich pore water, dissolved Ni concen-
tration at FGL (767 nM) is elevated compared to the water
column concentration (Fig. 5). This observation supports
the hypothesis that free Ni may be stabilized by high sulfide
concentrations (Calvert and Pedersen, 1993), and while not
a dominant process, minor scavenging of dissolved Ni by
iron-sulfide precipitates may occur in the euxinic water
(Öztürk, 1995), potentially serving as a means for trans-
porting Ni to the sediments where it may be released during
the transformation of iron sulfide precipitates to pyrite.
4.6. Molybdenum

The concentration profile of Mo is consistent with those
determined for other stratified systems (e.g., Lago di
Codagno, Dahl et al., 2010; Rogoznica Lake, Helz et al.,
2011; Framvaren Fjord and the Black Sea, Emerson and
Huested, 1991), with the highest concentrations observed
in the oxic zone and a sharp transition to much lower concen-
trations in the euxinic zone (Fig. 5). Wang et al. (2011) pro-
posed a model for Mo(VI) conversion to Mo(IV) through
reactions with elemental sulfur and potentially via a Mo(V)
intermediate, involving the replacement of oxyanion oxygens
with sulfides (proposed by Erickson and Helz, 2000). In this
model, Mo(VI) diffuses as MoVIO4

2� from the upper oxic
zone to the euxinic monimolimnion where a transition “ac-
tion point” (RS2� >11 lM) is reached and sulfides replace
oxygens in MoVIO4

2� (Erickson and Helz, 2000).
Conversion to oxy-thiols occurs nearly immediately accord-
ing to the reaction:

MoVIO2�
4 þH2S ¼> MoVIO3S2� þH2O ð11Þ
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once the action point is reached (Erickson and Helz, 2000).
Successive replacement occurs on the order of minutes (to
MoVIO2S2

2�), hours (to MoVIOS3
2�) and days (to

thiomolybdate, or MoVIS4
2�) (Erickson and Helz, 2000). A

reported maximum S0 concentration (over 30 lM) at
20.5 m in FGL (reported in Zerkle et al., 2010) coincides
with an increase in RS2� concentration above background
levels (>10 lM). Polysulfides form during the oxidation of
aqueous sulfide at pH of 7.0 ± 0.4 (Chen and Gupta,
1973) via the reaction:

S2� þ nS0 ¼> S2�
nþ1 ð12Þ

Elemental sulfur could react with polysulfides forming in
the euxinic-oxic convergence zone, and those polysulfides
can act as catalysts in the reduction of Mo(VI)
oxy-thiomolybdate into Mo(IV) oxy-thiol/thiols (Vorlicek
et al., 2004) according to the reaction:

MoVIOS2�
3 þ

n
8

S8ðaqÞ ¼> MoIVOS2�
3þn ð13Þ

Also, Mo(VI) oxy-thiomolybdate could be reduced to
monomers and dimers of Mo(V) oxy-thiols/thiols via:

2MoVIOS2�
3 þ

n
8

S8ðaqÞ þHþ ¼> MoV
2 O2S2�

5þn þHS�; ð14Þ

which disproportionates upon reaction with HS� to form
Mo(VI) and Mo(IV) oxy-thiols/thiols according to the
reaction:

MoV
2 O2S2�

5þn þHS� ¼> MoVIOS2�
3 þMoIVOS2�

3þn þHþ:

ð15Þ

At FGL, the decrease in dissolved Mo concentration is
coincident with the peak in dissolved Fe concentration
(Fig. 8) and near the transition to supersaturation for the
metastable iron sulfide mineral greigite (Fig. 9). This obser-
vation suggests that the addition of reactive thiols to
Saturatio
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Mo(VI), or conversion of Mo(VI) to Mo(IV) facilitates
scavenging of Mo from the water column by greigite and/or
pyrite. An alternative means for removal of dissolved Mo
from sulfidic water has been proposed recently (Helz
et al., 2011). In this mechanism, FeMo0.6S2.8 forms from
the interaction of Fe2+ with MoVIS4

2� and H2S according
to the reaction:

Fe2þ þ 0:6MoVIS2�
4 þ 0:4H2S ¼> FeMo0:6S2:8 þ 0:8Hþ:

ð16Þ

Speciation for MoVI anions was calculated for the July,
2013 FGL water column using K values reported by
Erickson and Helz (2000). The results of these calculations
indicate MoVIO4

2� and MoVIS4
2� concentrations are equal at

�20.75 m (Fig. 10). This depth coincides with (i) an increase
in total sulfide concentration above the 11 lM action point
(from 8.3 to 17.8 lM), (ii) a decrease in total dissolved Mo
concentration, which then stabilizes in the monimolimnion,
(iii) a peak in iron concentration, and (vi) supersaturation
of the proposed mineral FeMo0.6S2.8. The point of supersat-
uration of FeMo0.6S2.8 occurs half a meter higher in the
water column than greigite. Collectively, these data suggest
removal of dissolved Mo from the water column is con-
trolled by the geochemical factors governing FeMo0.6S2.8

precipitation. Whether by adsorption onto iron sulfides or
by precipitation of FeMo0.6S2.8 (or a combination of both
processes), the net scavenging effect contributes to a
�94% decline in dissolved Mo concentration relative to
the mixolimnion, which is similar to the Black Sea (94%,
Emerson and Huested, 1991) and Rogoznica Lake (96%,
Helz et al., 2011), and greater than other stratified systems
(Emerson and Huested, 1991; Dahl et al., 2010). The pres-
ence of detectable levels of dissolved Mo throughout the
FGL water column further support the findings of Wang
et al. (2011), who demonstrated solubilization of Mo(VI)
as MoVIS4

2� during re-oxidation of previously reduced
n Indices
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sediments. Furthermore, MoVIS4
2� was found to be thermo-

dynamically stabile in experiments where RS2� concentra-
tion is high enough to destabilize MoVIO4

2� (Vorlicek
et al., 2004). The concentration of dissolved Mo in the
sulfide-rich pore water at FGL was 763 nM, four times
greater than the values found in the oxic mixolimnion
(Fig. 5), and similar to pore water enrichment of dissolved
Mo in euxinic lake sediments previously described (Dahl
et al., 2010). This suggests remobilization of Mo during dia-
genesis of Mo-bearing iron-sulfide precipitates into pyrite,
consistent with recent findings that 80–100% of Mo in mod-
ern and ancient samples formed under sulfidic conditions
was not associated with pyrite crystals, but rather the sur-
rounding non-pyritic matrix (Chappaz et al., 2014).

5. TRACE ELEMENT CONCEPTUAL MODEL

FGL may serve as a useful proxy for past redox condi-
tions on Earth. Understanding the conditions under which
uptake and incorporation of biologically important trace
elements in such systems provides us with a framework
for elucidating when primitive metalloenzymes may have
first evolved. A conceptual 1-dimensional model summariz-
ing the results of analyses at FGL proposes three distinct
zones (Fig. 11). These are: zone 1 – the oxic mixolimnion,
zone 2 – the transition between oxic and euxinic water at
the chemocline demarked by the peak in turbidity resulting
from a dense microbial assemblage, and zone 3 – the peren-
nially euxinic monimolimnion and sulfidic sediments.

Zone 1 (surface to 15 m depth) has dissolved oxygen
levels at or above saturation, favoring oxidized forms of
Mn, Fe, and Mo, resulting in low dissolved Mn and Fe con-
centrations and high dissolved Mo (Fig. 5). This zone is
similar to the modern ocean, with Fe and Mn potentially
acting as limiting nutrients, and abundant Mo bioavailable
for Mo-containing enzymes such as those necessary for
nitrogen fixation or and nitrate assimilation.

Zone 2 (15–21 m depth) represents the redox transition
where Fe, Mo, and to a lesser extent Mn, are removed from
the water column and transported to the sediments.
Elevated dissolved Mn and Fe concentrations likely result
from microbially mediated reduction of MnOx and
Fe(OH)3 settling from the oxic zone and cycling between
reduced and oxidized states. A steady advective/diffusive
supply of sulfide from the action of sulfate reducing bacte-
ria in the sediments and lower water column maintains
anoxic to euxinic conditions, and supports a microbial plate
that contains anoxygenic phototrophs, evidenced by the
presence of BChl a and BChl e (Hunter, 2012), which con-
tribute to Fe-cycling (Fe2+ oxidation) and RS2�

oxidation/S0 generation. The iron-sulfide mineral greigite
becomes supersaturated, leading to precipitation from the
water column along with pyrite (dependent upon the pres-
ence of S0). Dissolved Mo concentration drops due to
replacement of oxygens with sulfides on molybdenum
oxyanions and subsequent scavenging through precipita-
tion of FeMo0.6S2.8 and/or absorption to iron-sulfide pre-
cipitates, transporting Mo to the sediments.
Rhodochrosite (MnCO3) becomes supersaturated and pre-
cipitates (either as MnCO3, or as a CaMn(CO3)2 mixed
phase) onto CaCO3 settling down from the oxic zone,
which is subsequently transported to the sediments.

Zone 3 (below 21 m) consists of the perennially euxinic
monimolimnion and sulfidic sediments. Mn and Fe are
enriched in the euxinic water and diffuse upward to feed
the cycling in Zone 2, and are ultimately transported as pre-
cipitates to the sediments. Sulfate reduction in the sedi-
ments and water column maintain euxinic conditions in
the monimolimnion. The stratified character of the water
column and the metabolic activities of the microbial com-
munities act as effective catalysts for transport of trace ele-
ments to the sediments, where diagenesis releases some as
dissolved constituents of the pore water. The overlying
stratified water column affords the opportunity for trans-
port to and enrichment of essential trace elements in the
sediments.
6. POTENTIAL EARLY EARTH IMPLICATIONS

FGL may help elucidate the effects of Proterozoic ocean
stratification on trace element behavior. Due to the contin-
uous input of sulfate from groundwater that passes through
gypsum-bearing shale, FGL maintains sulfate concentra-
tions throughout the water column that are similar to what
is thought to have been present during the Proterozoic
(Schröder et al., 2008; Planavsky et al., 2012), and sustain
bacterial sulfate reduction to produce euxinic conditions
in the monimolimnion. Euxinic deep ocean water is thought
to have been prevalent from 0.7 to 1.8 Ga, and possibly
back to the great oxidation event circa 2.45 Ga (Lyons
et al., 2009). Similar to modern OMZs, the photic zone of
stratified regions of Proterozoic oceans are thought to have
had persistently low levels of fixed N, driving the need for
biological nitrogen fixation (Johnston et al., 2009). The
data presented here also underscore an overlooked role
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for Mn (and Fe) cycling in stratified water columns as a
sink for fixed nitrogen (e.g., via reactions 8 and 9). In con-
trast to this model of euxinic zones of Proterozoic oceans,
the water column of FGL is replete with fixed N
(�60 lM NO3

� in the surface waters and 100–800 lM
NH4

+ in and below the chemocline). Low dissolved Mo con-
centrations under sulfide-rich conditions in the Proterozoic
oceans are often cited as a barrier to the bioavailability of
Mo and thus limiting to key processes in the nitrogen cycle
such as nitrogen fixation and assimilatory/dissimilatory
nitrate reduction (Anbar and Knoll, 2002; Reinhard
et al., 2013). Tracking dissolved Mo concentration through
the FGL water column provides evidence for the availabil-
ity of dissolved Mo, an important factor if fixed N were lim-
iting. Dissolved Mo concentration is nearly double that of
modern ocean levels in the mixolimnion (P170 nM), and
drops to �20 nM at 21 m, coincident with the turbidity
peak due to the anoxygenic phototroph microbial plate,
and reaching minimum levels (circum 10 nM) at the bottom
of the monimolimnion. In fixed N-limited cultures of the
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model diazotroph Azotobacter vinelandii, Mo concentra-
tions less than 21 nM repress transcription of nif, selecting
for expression of one of the alternative forms of the enzyme
(Becking, 1962; Jacobson et al., 1986). However, laboratory
experiments with diazotrophic cyanobacteria indicate
depressed rates of N2-fixation when Mo concentration
drops below 10 nM (Fay and de Vasconcelos, 1974;
Jacobs and Lind, 1977; Zahalak et al., 2004; Zerkle et al.,
2006; Glass et al., 2010). In light of these studies, it is not
apparent that the levels of dissolved Mo would have limited
Mo-dependent biological nitrogen fixation in the
Proterozoic ocean, assuming oxic and euxinic stratified con-
ditions similar to FGL. These data highlight the need to
better constrain the biological demands for Mo under fixed
N-limiting conditions similar to Proterozoic oceans.
Furthermore, little work has been done on the bioavailabil-
ity of thiol-containing molybdenum anions or amorphous
Mo-containing iron-sulfides, demonstrating a need for pure
culture laboratory work to elucidate answers to these
questions.

7. CONCLUSIONS

FGL provides a natural laboratory for characterizing
the behavior of trace elements in a stratified aqueous envi-
ronment which transitions from an upper oxic mixolimnion
to a lower euxinic monimolimnion. The results also support
the mechanism for removal of dissolved Mo from the water
column via precipitation of the FeMo0.6S2.8 mineral pro-
posed by Helz et al. (2011). Elevated concentrations of trace
metals in the sediment pore water suggest that mobilization
(indicated by pore water concentrations that greatly exceed
that of the overlying monimolimnion) occurs in the intersti-
tial fluids for Fe, Co, Ni, Mo, but not for Mn. Thus, a strat-
ified water body is effective at transporting essential
elements to the sediments where they are available in rela-
tively high concentrations. Due to the unique conditions
that maintain stratification and high sulfide concentration
from continuous sulfate input driving biological sulfate
reduction, FGL can serve as an analog to the redox condi-
tions that may have been prevalent in the Proterozoic fol-
lowing the great oxidation event when the ocean was
flushed with sulfate as atmospheric oxygen oxidized labile
sulfides on the continents. As such, conditions at FGL sug-
gest Mn and Fe cycling within the chemocline, Mo removal
from the euxinic zone, and dissolved trace metal enrichment
in sediment pore water were possible conditions in
Proterozoic oceans.
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