Voltammetric investigation of Fe-Mn-S species in a microbially active wetland
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ABSTRACT: Voltammetric analyses of several profiles through circumneutral shallow wetland environments near Contrary Creek (northern Virginia) reveal areas where the molecular cluster species FeS(aq) is associated with significant populations of microorganisms.  Analyses in November 2002 indicated that the majority of soluble iron present (170 M) was FeS(aq) through approximately 100 mm of the profile.  Profiles taken in August 2003 demonstrated a heterogeneous environment where FeS(aq) species were present over smaller portions of the profile, and also characterized by the association/substitution of Mn with the FeS(aq) molecular clusters.  Profiles taken only 5-10 cm away from each other also demonstrated very different chemical profiles and concentrations of reduced iron and manganese.  Most probable number analyses enumerate significant microbial populations, with up to 107 per ml total cells, and 7 x 105 per ml iron oxidizing microorganisms.  The site reflects millimeter-scale heterogeneity in Fe-Mn-S speciation associated with biomineralization and substrate availability.  
1 Introduction
1.1 Background
Voltammetric analyses can provide in situ data on a number of important redox species over very small spatial scales.  Defining the discrete chemical speciation of a system over millimeter and even smaller spatial scales may illuminate novel ecological niches and assist in understanding microbial activity in the environment.  

Molecular clusters of metals and sulfide are important building blocks in the assembly of metal sulfide minerals.  Iron sulfide minerals are known to progress though different intermediates, including an initial ‘amorphous’ FeS phase which has a tetragonal structure (Rickard & Luther, 1997).  Theberge and Luther (1997) document the electrochemical and chemical properties of FeS(aq) l.

This study attempts to assess the speciation of soluble oxygen, iron, manganese, and sulfur species in profiles of a neutrophilic wetland environment.  We document here examples of chemical environments which contain aqueous molecular clusters representing significant fractions of soluble iron, manganese, and sulfide as either precursors to biogenic crystalline precipitates or as novel substrates for microbial metabolisms.
1.2 Site Description
Contrary Creek is located near the town of Mineral, Virginia, and drains into Lake Anne.  The Creek is located within the Virginia Piedmont gold-pyrite belt, which was mined extensively until about 50 years ago and which has left a legacy of low pH metal-contaminated water.  Contrary Creek is also fed by circumneutral seeps, and along with the wetlands adjacent to parts of Contrary Creek has been the subject of microbial and spectral reflectance investigations of both acidic and neutral sites of iron precipitation (Anderson and Robbins, 1998; Emerson et al., 1999).
The groundwater seep-fed wetland environment chosen for this study is located approximately 50 meters away from the main drainage of Contrary Creek.  The study site was accessible by foot, about 0.5 miles away from the nearest road (County Road 208), along an established footpath.  A wooden platform was installed weeks prior to sampling over a selected portion of the environment where lateral flow was minimal and active floc, indicating significant microbial activity, was observed.
1.3 Methods
  Voltammetric equipment was set up on the wooden platform installed at the study site to allow direct , in situ, measurement of the chemical species present in selected profiles with minimal perturbation during analysis.  A DLK-100A Potentiostat (Analytical Instrument Systems, Flushing, NJ) was employed with a computer controller and software.  A standard three-electrode system was employed for all experiments.  The working electrode was 100 m gold amalgam (Au/Hg) made in a 5 mm glass tube drawn out to a 0.2-0.3 mm tip.  The electrode was constructed and prepared after standard practices (Brendel and Luther, 1995).  A Ag/AgCl reference electrode and a Pt counter electrode were placed in the waters of the sampling environment off the side of the wooden platform.  The working electrode was placed in a large micromanipulator (CHPT manufacturing, Georgetown, DE) which was operated by hand to descend in increments between 0.2 and 2 mm for each sampling point.  Electrochemical measurements began when the working electrode was carefully lowered to the point where the water surface tension was broken and the tip was as close to the surface as possible (defined as 0 depth).  Cyclic voltammetry was performed in triplicate at each sampling point in the profile at 1000 mV/second between -0.1 and -1.8 V (vs. Ag/AgCl) with an initial potential of -0.1 V held for 2 seconds.  In order to keep the working electrode surface clean, the electrode was held at -0.9 V between sampling scans.

Calibration of the electrodes was accomplished by standard addition methods using waters collected at the site and filtered with a 0.2 m nucleopore filter spiked with stock solutions of FeCl2, MnCl2, and Na2S (Sigma reagents).   The water and stock solutions were purged with high-purity argon before analysis.  Sulfide standards were amended to pH 10, and Fe2+ stock was prepared in 0.01 M HCl soln  before addition to a purged water containing excess hydroxylamine hydrochloride as a reductant.
Microbial samples were collected in sterile falcon tubes from the profiled areas and 3-tube most probable number (MPN) counts of iron oxidizing microorganisms and total cells were performed at George Mason University/ ATCC using established protocols.  Samples for total reduced iron were also collected with falcon tubes from the sampling sites, filtered using 0.2 m filters, and analyzed by the ferrozine method using a model 5100 Perkin Elmer atomic adsorption spectrophotometer.  pH was measured in the field using a standard combination electrode calibrated with pH 4.0 and 7.0 buffers.  Temperature was measured using a YSI thermistor.
2 Results & discussion
2.1 Field excursion November 2002
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Initial field studies in November 2002 were conducted at the sampling site to assess the spatial gradients of oxygen and iron associated with Fe-oxidizing organisms known to be present in these areas (Emerson et al., 1999).  The pH of the water was 6.5, and lateral flow was minimal.  The system is assumed to be primarily groundwater-fed in this area.

Figure 1 represents 4 of the hundreds of voltammograms collected for one profile collected at the site.  Broad peaks for organically complexed Fe3+ are present on the forward scan at approximately -0.65V along with a return peak at -0.2 V corresponding to the reduction of Fe3+(org) to Fe2+.  The 32.0 mm scan in Figure 1 shows a small peak at -0.75 attributed to H2S, with a forward peak (in the negative direction) due to the reaction:

HgS + 2H+ + 2 e- ( H2S + Hg0






(1)
Where the HgS was deposited during the holding of initial potential at -0.1 for 2 seconds and is re-formed in the return scan by the reaction:

H2S + Hg0  ( HgS + 2H+ + 2 e-






(2)

The forward peaks at -1.1 V are due to the reduction of FeS:

FeS + 2 e- + 2 H+ ( Fe(Hg) + H2S





(3)

The large return peaks at -0.7 V are due to sulfide species formed both from reaction (2) and (3).  Shifts in forward and return peaks attributed to FeS(aq) are likely due to changes in the molecular structure of the FeS(aq) cluster as Fe:S ratios and geochemical conditions change in the system (data not shown).


Figure 1 demonstrates that through a large proportion of the profile presented, the soluble reduced iron present is in the form of the FeS(aq) molecular cluster as any appreciable Fe2+ would be present at -1.4 V in Figure 1.  Total Fe2+ from a filtered sample at this location was measured to be 171 M.  The concentration of FeS(aq) cannot be directly measured however, as no method to accurately calibrate the FeS(aq) species has been developed.  Therefore, the reduced iron available as a substrate to the 4x106 iron-oxidizing microbial cells per ml must be either the soluble molecular cluster or nanocrystalline FeS which escaped sample filtration.  
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The formation of FeS(aq) must be tied to the activity of sulfate reducing microorganisms in this environment (SO42- reduction thermochemically is kineti[image: image4.jpg]Current (nA) - solid state electrode
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cally inhibited a tthese temperatures).  Because the presence of FeS(aq) is defined very precisely between a depth of 21 and 112 mm, those sulfate reducers must be present in about the same location.  
2.2 Field excursion August 2003
Field analyses in August 2003 were conducted in a similar but different location as November 2002 due to flood damage and shifts in stream flow in the wetland.  The pH was 6.5 and again the sample site selected exhibited minimal lateral flow and a groundwater-fed environment.  Three separate profiles were measured, two within 5-10 cm and one abut 30 cm away from the first two.  Each of the three profiles were chemically distinct, both in terms of the redox gradient along the profile and in terms of the concentrations of soluble iron, manganese, and sulfide.  In only one of the 3 profiles was an FeS(aq) species detected, while in the other profiles variable amounts of Mn and Fe were detected and the redox gradient was several times steeper with respect to reduced iron and manganese concentrations between them.
Figure 2 illustrates selected voltammograms associated with the profile containing FeS(aq) species.  At the surface, O2 concentration was measured at approximately ½ saturation.  The O2 peak is identified from the forward peaks at -0.3 V and -1.3 V from the reactions:

O2 + 2H+ + 2e- ( H2O2










(4)

and

H2O2 + 2 H+ + 2 e- ( 2 H2O








(5)

Fe3+ is identified from its forward peak reduction to Fe2+ and re-oxidation in the return wave, while FeS(aq) is identified after equation (3).  

The redox gradient in this profile is very steep, with O2 decreasing from approximately ½- saturated to microaerophilic conditions with significant Fe3+ over 2 mm.  Redox conditions continue to decline sharply with depth in this profile as within 1 mm conditions change from microaerophilic with significant Fe3+ to more anoxic with lower Fe3+, and the prescence of FeS(aq) and hundreds of micromolar Fe2+.  Voltammograms from 3.0 mm to 25 mm depth in this profile also showed a peak at approximately -1.3 V which can be attributed to an FeS(aq) cluster associated with Mn2+. 
2.3 Laboratory addition experiments
Additions of Fe2+, Mn2+, and Na2S were made to buffered (10 mM PIPES buffer, pH 6) aliquots of water collected from Contrary Creek in order to identify the peak at -1.3 V associated with FeS(aq) observed in Figure 2.   Figure 3 illustrates a laboratory experiment using the dropping mercury electrode for analysis (electrochemical reactions are identical to the solid state Au-amalgam electrodes, but the DME is more sensitive) and one of the profiles from Figure 2 taken at Contrary Creek.
Laboratory analyses are able to reproduce the peak position observed in the field as a complex which is uniquely associated with FeS(aq) formation in the presence of Mn2+.  The fast scan rate of the analyses precludes that the second peak could be due to splitting of the FeS(aq) peak, which has been observed at very slow scan rates, and with ~100 mV separation around the center of the FeS(aq) peak (Theberge & Luther., 1997).  The elevated manganese concentrations in surrounding waters also supports the idea that Mn2+ association in microaerophilic and anoxic waters with FeS(aq) is reasonable in these samples.  

The formation and stability of this complex is highly dependent on at least the Fe2+:Mn2+ ratio of the solution in which it forms (Figure 4).
3 Conclusions
3.1 Conclusions
In situ voltammetric analyses of profiles in the circumneutral waters adjacent to Contrary Creek suggest an environment where molecular clusters of iron, manganese, and sulfide may be important in unraveling biomineralization and the use of these clusters as potential substrates for microorganisms.  We document here for the first time an association of two metals with a single sulfide cluster in the environment (FeS+Mn(aq)), and an environment where FeS(aq) may constitute a predominant fraction of soluble iron.
Further experiments are underway to elucidate the formation, development, and structure of FeS(aq) and the Mn2+-associated clusters.  We are also planning experiments to test the hypothesis that molecular clusters may function as a substrate for the iron-oxidizing microorganisms cultured and enumerated at the study site. 
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Figure � SEQ Figure \* ARABIC �1� - Voltammogram of profile showing forward and return peaks associated with FeS(aq) for 4 depth points.  Minimal soluble Fe2+ is observed in this, and the Fe3+ signal is low compared to more oxic environments, indicating that the majority of soluble iron in this sample is present as the FeS(aq) molecular cliuster.  Note also the H2S and Fe3+(organic) signals.





Figure � SEQ Figure \* ARABIC �2� - Selected voltammograms from the August 2003 trip of the profile containing metal sulfide clusters.  Note the steep gradient over the first 3 mm and the peak at -1.3 V attributed to FeS(aq) associated with Mn2+.





Figure � SEQ Figure \* ARABIC �3� - Voltammogram comparison of field data and a laboratory addition experiment showig the peak at -1.3V can be atributed to a molecular cluster of FeS associated with Mn2+.





Figure � SEQ Figure \* ARABIC �4� - Data from a laboratory experiment in which Fe2+ was titrated sequentially into a solution containing 100 M Mn2+ and 25 M HS-.  Some Fe2+ is required for the formation of any electrochemically active sulfide cluster, and added iron displaces associated Mn2+ at higher concentrations.








