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ABSTRACT 

 
 Recent thermodynamic calculations and experimental work have demonstrated 

that the oxidation of sulfide to elemental sulfur by oxygen is slow. Moreover, 

additional studies have shown that nanoparticles are a widespread component of many 

environments. Here, the oxidation of sulfide to form elemental sulfur and the presence 

of metal sulfide and elemental sulfur nanoparticles were investigated along redox 

gradients in the water column of the Chesapeake Bay and in buoyant hydrothermal 

vent plumes (< 1.5 meters from the orifice) along the Mid-Atlantic Ridge. 

 The partitioning of trace metals into sulfide phases was found to differ between 

the bouyant plumes of three vent sites along the Mid-Atlantic Ridge due to differences 

in the metal to sulfide ratio of the vent fluid. Significant concentrations of HNO3-

extractable metals were found in the < 0.2 µm fraction at all three vent sites, indicating 

that these metals were incorporated into nanoparticulate pyrite. 

 Elemental sulfur nanoparticles (< 0.2 µm) were found to be a significant 

percentage of total S0 in both the Chesapeake Bay water column and hydrothermal 

vent plumes. In the Chesapeake Bay, elemental sulfur is formed by both abiotic and 

biotic sulfide oxidation. Manganese oxides are the dominant available chemical 

oxidant for sulfide, and a strain of phototrophic sulfide oxidizing bacteria (PSOB), 

CB11, that was enriched from the Chesapeake Bay was shown to produce elemental 
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sulfur as a product of sulfide oxidation. In buoyant vent plumes, sulfide oxidation is 

abiotic, and the oxidation of sulfide through an iron catalytic cycle accounts for all 

elemental sulfur formed. These results indicate that nanoparticulate elemental sulfur 

should be a common component of a variety of different types of environments in 

which sulfur is cycled along an oxic/anoxic interface.  

 The oxidation of sulfide in the Chesapeake Bay was further investigated 

through incubation experiments that monitored sulfide loss in natural water samples 

and in cultures of CB11. Small increases in light intensity as low as 0.1 µEi were 

found to significantly affect sulfide loss in both sets of experiments, indicating the 

activity of PSOB in the Chesapeake Bay water column. PSOB need only comprise 

about 5 % of the total microbial community in order to account for all observed light-

dependent sulfide loss. In order to explore the impact of variability in the water 

column redox structure on sulfide oxidation by PSOB, a one-dimensional diffusion-

reaction model of the Chesapeake Bay water column was developed using kinetic 

parameters determined from the incubation experiments. The model simulations 

demonstrate that the contribution of PSOB to sulfide oxidation is highly variable and 

dependent upon the location of the oxic/anoxic interface in the water column.  
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Chapter 1 

AN INTRODUCTION TO SULFUR SPECIATION AND REDOX CYCLING 
 

1.1 Introduction 

Sulfur chemistry has widespread biogeochemical significance in the 

environment. Sulfur readily binds with carbon, oxygen, and trace metals; and is an 

essential component in biological molecules such as amino acids (e.g. cysteine, 

methionine) and enzymes (e.g. ferrodoxins, coenzymeA). The reactivity of sulfur is 

governed by its oxidation state. In oxygenated environments, sulfur is primarily fully 

oxidized as sulfate (SO4
2-), with an oxidation state of +6; and in anoxic environments, 

sulfur is present as hydrogen sulfide (Σ HS- + H2S), with an oxidation state of -2. 

Along redox gradients, sulfur is cycled between these two end-member species.  

 In most environments, sulfur cycling begins with the microbial reduction of 

sulfate to sulfide during organic matter decomposition (Jørgensen, 1982). The eight-

electron oxidation of hydrogen sulfide back to sulfate then occurs stepwise via a suite 

of biological and chemical pathways including oxidation by oxygen or metal oxides 

(Millero 1987; Luther, 1991; Herszage and dos Santos Afonso, 2003; Pyzik and 

Sommer, 1981; Poulton, 2003) and by chemotrophic and phototrophic bacteria 

(Frigaard and Dahl, 2008 and references therin). This results in the formation of a 

wide variety of sulfur compounds with intermediate oxidation states such as 
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polysulfides, elemental sulfur, thiosulfate, sulfite, and tetrathionate, which also 

participate in biological and geochemical reactions (Thamdrup et al., 1993; Finster et 

al., 1998). For example, sulfide, polysulfide, and elemental sulfur are precursors to the 

formation of pyrite via equations 1 and 2 (Rickard and Luther, 1997; Berner, 1970) 

and therefore play an important role in sediment geochemistry. 

 
(1) H2S + FeS  FeS2 + H2 

(2) FeS + S0  FeS2 
 

Thus, understanding the processes of the sulfur cycle and their interactions with other 

elemental cycles along redox gradients is important in a variety of environmental 

settings. A summary of the complex web of abiotic and biotic pathways for sulfur 

transformations is depicted in Figure 1.1, and a more detailed summary of some of 

these processes follows. 
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Figure 1.1    Overview of microbially-mediated sulfur cycling. Blue lines represent 

oxidation (biotic and abiotic), the red line represents microbial sulfate 
reduction, and green lines indicate microbial disproportionation of 
elemental sulfur (S0) and thiosulfate (S2O3

2-). Sulfur is buried as pyrite, 
which may form from the reaction between iron and sulfide, polysulfides, 
or elemental sulfur.  

1.2 Processes of the Sulfur Cycle  

1.2.1 Sulfate Reduction 

 
 Organic matter decomposition occurs via a series of electron acceptors with 

decreasing free energy yields in the order O2 > MnO2 > NO3
- > FeOOH > SO4

2- 

(Froelich, 1979). Sulfate is the second most prevalent soluble electron acceptor after 

oxygen (Zopfi et al., 2004), and microbially mediated sulfate reduction is widespread 

in sediments, soils, and anoxic water columns (equation 3; Jørgensen et al., 1979).  
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(3) ½ SO4
2- + CH2O +  H+ ½ H2S + CO2  + H2O 

Dissimilatory sulfate reduction as a microbial metabolism began 2.8 – 3.1 

billion years ago (Schidlowski, 1988), and is currently carried out by a diverse group 

of anaerobic microorganisms. In order to be reduced, sulfate must first be activated by 

conversion to adenosine 5’-phosphosulfate (APS) by ATP sulfurylase. Then, APS 

reductase conducts the two-electron reduction of APS to sulfite, which is reduced to 

sulfide by sulfite reductase (Thauer et al., 1977). The result of this activity is the 

accumulation of sulfide in sediment pore-waters, which can play a role in maintaining 

suboxic or anoxic conditions in the overlying water column (Roden and Tuttle, 1992).  

1.2.2 Sulfide Oxidation  

Only 10 – 20% of sulfide produced globally by sulfate reduction is buried in 

the sediments via equations 1 and 2 (Jørgensen 1982). The majority is re-oxidized by a 

variety of possible chemical and biological processes. The following section will 

provide a brief description of the oxidation of sulfide to elemental sulfur by (1) 

oxygen, (2) manganese and iron oxides, and (3) phototrophic bacteria.  

 

Sulfide oxidation by oxygen 

 In most aquatic environments, O2 is the most prevalent oxidant; however, the 

direct oxidation of sulfide by oxygen is inhibited both thermodynamically and 

kinetically. A one-electron transfer via equation 4 is thermodynamically inhibited due 

to the formation of bisulfide radical and superoxide (Luther, 2010).  
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(4) O2 + H2S  HS. + O2
- + H+ 

The two-electron oxidation of sulfide to form elemental sulfur (equation 5) is 

thermodynamically favourable, but encounters a kinetic barrier because the electrons 

from sulfide must be unpaired in order to be transferred to the singly occupied lowest 

unoccupied molecular orbital (LUMO) of oxygen (Luther et al., 2011).  

(5) O2 + H2S  S0 + H2O2 

Under trace metal clean conditions, experimental observations of the sulfide oxidation 

rate yield a rate expression (equation 6)  

(6) –d[H2S]/dt = k[H2S][O2] 

and a half-life for sulfide of 55 days (Luther et al., 2011). The addition of trace 

quantities of transition metals (specifically iron and manganese), which facilitate this 

reaction as bridging catalysts (Vasquez et al., 1989), shortens the half-life of sulfide in 

in oxic waters to 1-2 days (Millero et al., 1987).  

 

Sulfide oxidation by manganese and iron oxides 

In addition to catalyzing sulfide oxidation with oxygen, manganese and iron 

oxides may also react directly with sulfide. The one electron oxidation of sulfide by 

either oxidized iron or manganese faces the same thermodynamic barrier as equation 4 

due to the formation of bisulfide radical, and so this reaction should proceed via a two-

electron transfer that forms S0. Although a single Mn4+ (MnO2) may accept two 

electrons directly, Fe3+ cannot, and so bands of orbitals in iron or manganese oxide 

(nano)particles are important (Luther, 2010). Oxidized manganese is a better oxidant 
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for sulfide than iron because the LUMO of Mn4+ is unoccupied, whereas the LUMO of 

Fe3+ is partially occupied, posing the same kinetic barrier as the oxidation of sulfide by 

oxygen due to the requirement for the electrons from sulfide to be unpaired (Luther, 

2010).  

 The reaction between manganese and sulfide proceeds via equation 7 

(7) MnO2 + H2S + 2 H+ Mn2+ + S0 + 2 H2O 

and follows the second order kinetics described by equation 8. 

(8) - d[H2S]/dt = k[H2S][MnO2] 

The reaction rate is pH dependent, increasing from pH 2-5, and then decreasing at 

higher pH (Yao and Millero, 1993).  

 Sulfide is oxidized by iron via equation 9, 

(9) 2 FeOOH + H2S + 4 H+  2 Fe2+ + S0 +4 H2O 

which follows the second order expression in equation 10 

(10) –d[H2S]/dt = k[H2S][Fe(OH)3] 

The reaction rate increases to pH 6.5 then decreases with increasing pH (Yao and 

Millero, 1996).  

 

Phototrophic sulfide oxidation 

 Microorganisms are able to oxidize sulfide rapidly due to enzyme systems that 

overcome the barriers described above. Anoxygenic phototrophic sulfide oxidizing 

bacteria (PSOB) are found in a variety of environments in which both light and sulfide 
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gradients overlap, including sediments (Preisler et al., 2007), microbial mats 

(Wahlund et al, 1991), and the stratified water columns of both freshwater and marine 

basins (Parkin and Brock, 1981; Guerrero et al., 1985; Overmann, 1992; Tonolla et al., 

2003; Rimmer et al., 2008). In these environments PSOB occupy narrow niches where 

they must balance the flux of sulfide from below with the flux of light from above. 

They oxidize sulfide to sulfate and fix CO2 photosynthetically as per the overall 

reaction (equation 11).  

(11) 2 CO2 + H2S + 2 H2O + light  2 CH2O + SO4
2- + 2 H+ 

In reality; however, this process proceeds in steps, beginning with a two-electron 

oxidation of sulfide that forms zero-valent sulfur (S0 or Sx
2-), as an obligate 

intermediate (equation 12; Chan et al., 2008).  

(12)  CO2 + 2 H2S + 2 H+ + light  CH2O + 2 S0 +H2O 

PSOB fall into two main categories: the purple sulfur bacteria (PSB), which 

consist of Chromatiaceae and Ectothiorhodospiraceae; and green sulfur bacteria 

(GSB), which consist of Chlorobiaceae. PSB are adapted to higher light intensity (8 – 

10.5 µEi/ mol CO2; Brune, 1989) and lower sulfide concentrations. Their main 

photosynthetic pigment is BChl a, which is contained in phototrophic antennae at 

concentrations of 20 -2000 molecules BChl a per reaction center (Zuber and Cogdell, 

1995). They form globules of elemental sulfur that are stored intracellularly as a 

product of sulfide oxidation. GSB are generally adapted for lower light intensities 

(3.5–4.5 µEi /mol CO2) than PSB (Frigaard and Dahl, 2008). Their main 

photosynthetic pigments are BChl c, d, and e (depending upon the particular strain) 
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that are contained in chlorosomes and can be concentrated up to 5000 – 8000 BChl 

molecules per reaction center (Frigaard et al., 2003), thus making GSB well adapted to 

conduct photosynthesis at low light intensities. GSB oxidize sulfide to polysulfides 

(Brune, 1989), which are deposited extracellularly as elemental sulfur (van Gemerden, 

1986). Many GSB can also oxidize intermediate sulfur compounds such as thiosulfate 

and elemental sulfur if sulfide is not present. 

During photosynthetic sulfide oxidation, light is used to transport electrons 

from sulfide to the electron carrier NAD+ via reverse electron transport (Griesbeck et 

al., 2000). There are two enzymes that may be used for sulfide oxidation: 

sulfide:quinone oxioreductase (SQR) and flavocytochrome c (FCC). SQR is found in a 

variety of microorganisms, including PSOB, cyanobacteria, and archaea; and catalyzes 

sulfide oxidation with an isoprenoid quinone. In PSOB, SQR is essential for sulfide 

oxidation (Chan et al., 2009). Polysulfide is the first product of sulfide oxidation, 

which then forms elemental sulfur after being released from the enzyme (Griesbeck et 

al., 2002). The second of these enzymes, FCC, transfers electrons from sulfide to c-

type cytochromes that then transfer the electrons to the photosynthetic reaction center 

(Frigaard and Dahl, 2008). This enzyme has been demonstrated to be non-essential for 

sulfide oxidation; however, it may be important as a high-affinity system utilized 

under low sulfide concentrations, as there is a large redox potential difference between 

FCC and the photosynthetic reaction center (Brune, 1995).  

Oxidation of external elemental sulfur is less well understood (Frigaard and 

Dahl, 2008), but is expected to begin with some form of activation of or attachment to 
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the sulfur particle (Chan et al., 2008). Experiments with the purple sulfur bacterium 

Allochromatium vinosum have shown that chains of elemental sulfur are more 

bioavailable than cyclic elemental sulfur or S8 (Franz et al., 2007); however it is not 

known if this is also true for other types of PSOB.   

1.3 Size Fractionation of Metal Sulfide and Elemental Sulfur Particles in the 
Environment 

 
Recent research has demonstrated that previous classification of the fractions < 

0.2 µm or < 0.45 µm as “dissolved” does not represent the actual complexity of this 

operationally defined category, which may contain nanoparticles as well as truly 

dissolved species (Hochella, 2001; Gilbert and Banfield, 2005; Wigginton et al., 2007; 

Yücel et al., 2011; Gartman et al., 2014). The formation of nanoparticles during 

mineral precipitation and dissolution reactions or biological activity has environmental 

significance for several reasons. First, nanoparticles may react differently than bulk 

minerals due to their higher surface area to volume ratio (Hochella et al, 2008). 

Second, nanoparticles have implications for the transport of elements in the 

environment, as they do not settle rapidly from the water column because of their 

small size (Yücel et al., 2011). Furthermore, nanoparticles are known to play an 

important role in microbial processes, including the metabolism of iron (Chan et al., 

2009) and manganese (Webb et al., 2005).  

Under reducing conditions, sulfur speciation is closely linked with that of trace 

metals; and metal sulfide clusters and nanoparticles have been demonstrated to be 
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important in a variety of environments (Luther and Rickard, 2005) by changing the 

bioavailability of sulfide (Luther et al., 2008) and eliminating the toxicity of certain 

metals (Bianichi et al. 2002). Metal sulfide nanoparticles do not oxidize rapidly 

(Rozan et al., 2000; Gartman and Luther, 2014), and thus represent a mechanism for 

transport of both reduced sulfur and trace metals from anoxic to oxic environments. 

For example, the stabilization of iron in nanoparticulate pyrite represents an important 

transport mechanism for iron emitted from hydrothermal vents (Yücel et al., 2011; 

Gartman et al., 2014), which could impact the oceanic iron budget (Tagliabue et al., 

2010). Other metal sulfide nanoparticles such as CdS, ZnS, PbS, and CuS formed as a 

result of sulfate reduction in the presence of reduced trace metals have been found in 

freshwater environments polluted by acid mine waste (Banfield and Zhang, 2001), but 

few studies have characterised this fraction in marine settings.  

Elemental sulfur forms as a stable intermediate of sulfide oxidation via the 

reactions outlined in section 1.1.2 above. Despite the prevalence of elemental sulfur 

along redox gradients in a variety of different environments (Jørgensen, 1979; 

Hastings and Emerson, 1988; Luther et al., 1991; Ciglenecki et al., 1996; Ramsing et 

al., 1996 Zopfi et al., 2001 Ma et al., 2006; Li et al., 2008; Zerkle et al., 2010; 

Kamyshny et al., 2011), little is known about its speciation or reactivity. 

Orthorhombic S8 is the thermodynamically stable form of elemental sulfur at ambient 

temperature and pressure; however, studies have shown that elemental sulfur produced 

by microbial activity may have different characteristics than bulk S8 (Kleinjan et al., 

2003). Moreover, elemental sulfur nanoparticles formed via either biological or 
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chemical oxidation of sulfide would have important biogeochemical implications. 

Nanoparticulate sulfur could be more bioavailable than bulk S8, or more reactive in 

chemical and diagenetic reactions (e.g. reaction 2). 

1.4 The Importance of Sulfur in the Biogeochemical Evolution of the Oceans 

Consideration of the processes described above is important both in the 

investigation of modern environments and for understanding the biogeochemical 

history of modern oceans, as sulfur cycling was instrumental in the evolution of 

current marine chemistry. The Archaean Ocean (> 2.5 billion years ago) was anoxic, 

iron rich, and depleted in sulfur (Canfield et al., 2000). The oxygenation of the 

atmosphere during the Great Oxygenation Event (approximately 2.5 billion years ago) 

led to a transition in ocean chemistry from this anoxic, ferruginious Archaean Ocean 

to the oxygenated modern oceans. This transition occurred in stages during which 

ocean chemistry varied greatly. During the Proterozoic aeon (0.5-2.5 billion years 

ago), ocean chemistry was affected by increased continental weathering due to the rise 

of oxygen in the atmosphere brought about by the onset of oxygenic photosynthesis. 

Increased continental weathering led to an increase in seawater sulfate concentrations, 

which in turn enhanced microbial sulfate reduction and the production and 

accumulation of sulfide. This marked the first transition of the ocean from ferruginous 

to sulfidic approximately 1800 million years ago (Poulton et al., 2004).  

Between 1800 to 700 million years ago, as oxygenic photosynthesis became 

more prevalent and atmospheric oxygen concentrations increased, the upper layer of 
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the water column became oxygenated, leading to a chemically stratified system with 

an oxic surface layer and a sulfidic deep layer (Canfield, 1998). At the resulting 

oxic/anoxic interface, sulfur was actively cycled between its reduced and oxidized 

forms. This dynamic chemical transition impacted the microbiology, as the sulfur 

cycle was an important source of energy for microbes in both the Archaean and 

Proterozoic Oceans (Sleep and Bird 2008). As oxygen penetrated deeper into the water 

column, pushing the oxic/anoxic interface out of the photic zone, the habitat available 

for anaerobic phototrophic sulfide oxidizing bacteria would have become increasingly 

limited.  

Modern oxic/anoxic interfaces represent analogues to the chemical transition 

of the oceans, and thus may provide deeper understanding of ancient biogeochemical 

processes. These interfaces still exist in a variety of different environments where 

anoxia is driven primarily by the decomposition of organic matter, such as sediments 

and the water column of stratified systems (e.g. the Black Sea, meromictic lakes); and 

are found also at hydrothermal vents, where anoxic vent fluid formed through 

hydrothermal circulation in the earth’s crust (Tivey, 2007) mixes with oxic ocean 

bottom water.  
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1.5 Study Sites  

1.5.1 The Chesapeake Bay  

The Chesapeake Bay is the largest estuary in the United States, beginning at 

the mouth of the Susquehanna River and ending at the Atlantic Ocean (Hagy et al., 

2004) with a watershed of 165800 km2. It is a partially stratified estuary, where water 

transport follows a two-layer gravitational circulation pattern with saline water 

flowing up-estuary and fresh water flowing down-estuary (Pritchard, 1952). In the 

summer, salinity gradients coupled with an influx of nutrients and high biological 

activity lead to the development of suboxic to anoxic deep-water throughout much of 

the mesohaline region of the Bay. A suboxic zone between the oxic surface and anoxic 

deep layers in which neither oxygen nor sulfide are detectable may form during slack 

tide at the chemical interface created by the density stratification (Lewis et al., 2007). 

This interface is a place of dynamic chemical and biological activity and elemental 

cycling.  

Anoxia in the Chesapeake Bay is highly variable. First, it is transient during 

the course of the year, setting up in the late spring, peaking in the summer, and 

eroding during the late summer and early fall. Second, the extent of summer anoxia 

varies interannually, depending upon the degree of the spring freshwater and nutrient 

inputs (Officer et al., 1984). Finally, in addition to annual and inter-annual variation in 

oxygen concentrations, tidal forcing and wind-induced mixing of the water column 
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result in changes in the oxygen penetration depth and the depth of the chemical 

interface on shorter time scales (Lewis et al., 2007; Scully, 2010).  

The primary cause of oxygen depletion in the Bay is the decomposition of 

phytoplankton (Jonas and Tuttle, 1990). Then, sedimentary sulfate reduction increases 

oxygen demand and helps to maintain anoxic conditions in the bottom waters (Roden 

and Tuttle, 1992). The precipitation of iron sulfides does not represent a major 

removal mechanism for sulfide from the water column, as typical porewater Fe2+ 

concentrations in the mesohaline region of the Chesapeake Bay are < 10% of sulfide 

concentrations, and only 4-8% of sulfide produced via sulfate reduction is buried as 

pyrite (Roden and Tuttle, 1992). Furthermore, sedimentary pyrite concentrations are 

particularly low in years when the bottom waters are anoxic (Roden and Tuttle, 1993), 

with a typical FeS2/FeS ratio of 0.55-0.22 (Berner, 1979). The reason for low sulfur 

burial is the prevalence of manganese over iron in this system, as manganese oxides 

are a stronger oxidant for sulfide than iron oxides (Aller and Rude, 1988), which also 

react with sulfide or sulfur to precipitate as FeS or FeS2. As a consequence of the low 

burial rate for sulfur, sulfur cycling is highly active, and most of the sulfide produced 

in the sediments will eventually be reoxidized.  

Although phototrophic sulfide oxidizing bacteria have not previously been 

studied in the Chesapeake, the observation of rapid (half-life of 15 minutes) light 

dependent sulfide oxidation by Luther et al. (1988) that was inhibited by the addition 

of formaldehyde (Figure 1.2) suggested an unknown biological component to sulfide 

oxidation in the Bay. This observation, coupled with more recent reports of 
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phototrophic sulfur bacteria in similar low-light environments such as the water 

column of the Black Sea (Overmann, 1992; Manske et al., 2005; Marschall et al., 

2010) indicates a potential role for these bacteria in the sulfur cycle of the Bay. The 

Chesapeake Bay is an interesting system in which to study PSOB, as it represents an 

analogue to the ancient ocean during later periods of the anoxic/oxic transition, when 

oxic conditions dominated and stratification was transient (Hanson et al., 2013). 

Understanding the niches occupied by PSOB in such environments could help to 

interpret microfossils and cast light on the redox structure of ancient oceans 

(Overman, 2008). 

 

 

 

 

 

 

 

 

 

 

Figure 1.2      Results of experiment conducted in Chesapeake Bay water. X markers 
  signify water samples fixed with formaldehyde, and the other symbols 
  signify incubations in the light. Figure taken from Luther et al. (1988). 
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The specific location at which this study took place (Figure 1.3) has been 

characterized previously (Lewis et al., 2007). It is a shallow hole (25 m deep, 4 km 

long and 0.8 km wide) bordered in the west by the main channel (approximately 18 m 

deep) and in the east by Kent Island.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3    Location of study site depicted by the black X (38o58.8’ N; 76o22’ E). 
Map created using GeoMapApp (http://www.geomapapp.org).  

 

X

Chesapeake Bay 

Delaware Bay 



 17

1.5.2 Hydrothermal Vents along the Mid-Atlantic Ridge 

Deep-sea vents represent a very different sort of system in which an 

oxic/anoxic interface is present; one detached from the photic zone and in which 

biogeochemical cycling is driven by the alteration of fluids entrained in the earth’s 

crust, and the large temperature, pH, and chemical differences between those fluids 

and seawater. At the vent orifice, hot, reduced, metal-rich vent fluid mixes with cold, 

partially oxygenated ocean bottom water, leading to the precipitation of metal sulfide 

particles (Sarradin et al., 2008). The hydrothermal vent system is composed of three 

distinct sections: (1) the end-member vent fluid, (2) the buoyant plume that rises 

vertically and forms as the vent fluid mixes with ocean water and cools; and (3) a 

neutrally buoyant plume that forms and spreads horizontally once the density of the 

buoyant plume is equal to that of the ambient seawater (approximately 200-500 m 

above the vent orifice).  

Although vent fluid strongly impacts the area immediately surrounding the 

vents, its impact on the global oceans has previously been disregarded due to the 

precipitation of large quantities of metal sulfides and oxides from the rising plume 

(Mottl et al., 1990). Recent studies; however, have indicated that metals are stabilized 

either as complexes with organic molecules (Bennett et al., 2008) or as nanoparticulate 

metal sulfides such as pyrite (Yücel et al, 2011; Gartman et al., 2014) within the 

buoyant and neutrally buoyant plume that could persist long enough to be transported 

from the vent site (Yücel et al., 2011; Gartman and Luther, 2014).   

During this study, three vent fields (Rainbow, TAG, and Snakepit) along the 
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Mid-Atlantic Ridge  were sampled. The Rainbow vent field is hosted in ultramafic 

rock, and due to the uniform chemistry of its vent fluid is thought to have a single 

source (Charlou et al., 2002). Iron is an order of magnitude in excess of sulfide at 

Rainbow. Concentrations of nanoparticulate pyrite up to 1 mM have been found in the 

rising plume at Rainbow; however, this represents only a small fraction of total iron (< 

5 %) (Gartman et al., 2014). The Trans-Atlantic Geotraverse (TAG) vent site is 

basalt-hosted, and consists of black smoker vents clustered on a large sulfide mound. 

Iron concentrations at TAG are only in two-fold excess of sulfide. The Snakepit vent 

field is located in the rift valley close to the top of a volcanic ridge (Thompson et al., 

1988), and like TAG is basalt-hosted. Iron and sulfide concentrations at Snakepit are 

approximately equivalent. The iron to sulfide ratio has implications for particle 

formation and oxidation in the buoyant and non-buoyant plumes, and the variation in 

this ratio between Rainbow, TAG, and Snakepit allows the study of potential 

differences in metal sulfide particle formation at each vent.  

1.6 Dissertation Structure 

 Sulfur chemistry is closely linked to that of trace metals due to both the 

formation of metal sulfide particles and the oxidation of sulfide to elemental sulfur; 

and is also strongly influenced by microbial activity. Two areas of recent research 

have demonstrated (1) that nanoparticles are an important component of a variety of 

environments and may indicate biological activity, and (2) that trace metals and 

microorganisms are vital for sulfide oxidation due to thermodynamic and kinetic 
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barriers to sulfide oxidation by oxygen. The research presented in this dissertation 

aims to build on this work by exploring the role of nanoparticles, trace metals, and 

microorganisms in sulfur cycling in the environment. Specifically, this dissertation 

will investigate processes responsible for abiotic and biotic sulfide oxidation, the 

distribution and size fractionation of elemental sulfur, and the partitioning of trace 

metals in two different marine systems: the Chesapeake Bay and hydrothermal vents 

along the Mid-Atlantic Ridge. Throughout this work, several size fractions will be 

considered and discussed.  

 
(1) The < 0.2 µm fraction (nanoparticulate + dissolved species) 

(2) The > 0.2 µm fraction (particulate) 

(3) The unfiltered fraction (Σ < 0.2 µm + > 0.2 µm fractions) 

 

 The dissertation is structured as follows. In Chapter 2, the partitioning of trace 

metals (Cu, Cd, Zn, Pb, Cd, Co) into sulfides and other particles in buoyant vent 

plumes along the Mid-Atlantic Ridge will be presented. This work complements the 

work of Gartman et al. (2014) that measured nanoparticulate pyrite in these samples.  

In Chapter 3, the concentration, distribution, and size fractionation of 

elemental sulfur will be documented in both the Chesapeake Bay and in buoyant 

hydrothermal vent plumes, and a strain of PSOB enriched from the Chesapeake Bay 

will be shown to produce nanoparticulate elemental sulfur as a product of sulfide 

oxidation. These results will be compared with previous studies of elemental sulfur in 
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similar environments. This work was published in Geochimica et Cosmochimica Acta 

in 2014.  

Chapter 4 will investigate light dependent sulfide oxidation in the Chesapeake 

Bay. The sulfide oxidation kinetics of PSOB enrichment cultures from the Bay will be 

quantified, and results from field and laboratory experiments that constrain the effect 

of varying light intensity and sulfide concentration on the rate of sulfide oxidation by 

these PSOB will be presented.  

In Chapter 5, a one-dimensional diffusion-reaction redox model of the 

Chesapeake Bay water column will be developed and applied to four years of physical 

and chemical data from the Bay that illustrate variable redox conditions. The kinetic 

data determined in Chapter 4 will be used to quantify the impact that photosynthetic 

sulfide oxidizing bacteria have on sulfide oxidation in the water column and to 

investigate how they are affected by variation in light and water column redox 

conditions.  

Chapter 6 summarizes the major findings of this study, and poses questions for 

further study. Two appendices follow: Appendix A gives the results from laboratory 

sulfide oxidation experiments with RSC1, a low-light adapted brown colored GSB 

isolated from Bahamian sink holes, and Appendix B gives the computer code for the 

model presented in Chapter 5. 
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Chapter 2 

 
TRACE METAL CONCENTRATION AND PARTITIONING IN THE FIRST 
1.5 METERS OF HYDROTHERMAL VENT PLUMES ALONG THE MID-

ATLANTIC RIDGE: TAG, SNAKEPIT, AND RAINBOW 
 

Abstract 
 
 In order to determine the significance of metal fluxes from hydrothermal vents, 

understanding the speciation, reactivity, and possible transformations of metals and 

metal sulfides within the hydrothermal plume is critical. In this study, we measure the 

concentration and partitioning of trace metals (Fe, Mn, Cu, Cd, Co, Pb, Ni) as well as 

sulfide phases and silicon within the first 1.5 meters of the rising plume at three vent 

fields (TAG, Snakepit, and Rainbow) along the Mid-Atlantic Ridge. A combination 

HCl/HNO3 leaching method was used to differentiate metals present in metal mono-

sulfides from those in pyrite and chalcopyrite. At all three vent sites, Mn, Si, and Fe 

are primarily in the < 0.2 µm (filtered) portion, while Cu, Co, Cd, and Pb are mainly in 

the unfiltered fraction. At TAG and Snakepit copper is correlated with cobalt, and zinc 

is correlated with cadmium and lead. At Rainbow, zinc, cadmium and lead are 

correlated, but copper and cobalt are not correlated. These data are consistent with a 

lower sulfide to metal ratio found at Rainbow. Significant concentrations of HNO3-

extractable metals were found in the < 0.2 µm fraction at all three vent sites.  
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2.1 Introduction 

 Hydrothermal activity, widespread along plate boundaries, results in large 

fluxes of metals emitted from vents into the surrounding seawater. These metals have 

potential impact on both the local and global scales and could influence the trace metal 

budget of the oceans (Butterfield et al., 2003; Tagliabue et al., 2010). The trace metal 

content of end-member vent fluid varies between vents, dependent on the composition 

of the rock in which the hydrothermal circulation occurred, as well as the temperature, 

redox condition, pH, and concentration of inorganic ligands such as sulfide and 

chloride (Metz and Trefry, 2000).  

 Minerals form when this metal-rich, hot, and highly reduced vent water mixes 

with cold, partially oxygenated ocean bottom water (Haymon, 1983). Previous 

research has demonstrated that there are two main phases of metal precipitation within 

the hydrothermal plume. Initially, metal sulfides form, and later, as the plume 

becomes more oxic, iron oxides precipitate, scavenging metals and oxyanions on to 

their surfaces. Within the rising plume, decreasing temperature and increased mixing 

of seawater with vent fluid are instrumental in controlling the distribution of metal 

sulfides and trace metals. The temperature change affects the solubility of many 

minerals (Seyfried and Ding, 1995), and mixing alters the pH of the solution. The 

higher pH induces the precipitation of metal sulfide minerals (Rickard, 1995).  

 Until recently, the predominant assumption has been that most metals emitted 

from vents thus precipitate either as sulfide or oxide minerals, settling out in a radius 

of a few kilometers surrounding the hydrothermal vent site (Feely et al., 1987; Mottl et 
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al., 1990), which lead to the conclusion that vents do not contribute significant 

quantities of transition metals to the oceans. More recent research; however, suggests 

that metals, specifically iron, may be stabilized either as complexes with organic 

molecules (Bennett et al., 2008; Sander and Koscinsky, 2011) or as nanoparticulate 

metal sulfides such as pyrite, which may incorporate other metals into its structure 

(Yücel et al, 2011) and is a common component of hydrothermal emissions (Gartman 

et al., 2014). Nano-scale particles would settle from the water column at rates of only 

a meter or two per year, giving them the opportunity to escape the area immediately 

surrounding the vent field (Yücel et al, 2011). Additionally, nanoparticulate metal 

sulfides do not oxidize rapidly under standard conditions (Rozan et al., 2000, Luther 

and Rickard, 2005), and at typical ocean bottom water temperatures of 2-4 ºC 

oxidative processes would be approximately four times slower. Pyrite in particular 

oxidizes very slowly due to the stable low spin electronic configuration of ferrous iron 

when bound to the S2
2- ligand (Luther, 1990; Gartman and Luther, 2014). 

 In order to understand the potential impact of hydrothermal venting as a source 

of trace metals to the greater oceans, the size distribution and mineral speciation of 

trace metals in the rising plume must be considered. Previous studies at the Mid-

Atlantic Ridge (MAR) have characterized trace metal distribution and mineralogy in 

end-member fluid (Charlou et al., 2002; Douville et al., 2002), in the rising plume 10-

150 meters from the top of the TAG mound (Rudnicki and Elderfield, 1993) and into 

the neutrally buoyant plume (> 300 m above the vent site) (Trefry et al 1985; German 

1991; Ludford et al., 1996; Edmonds et al., 2004). These studies are fundamental to 
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determining the chemical composition of the vent fluid, and the types of particles that 

are dispersed from the immediate vicinity of venting. However, there is a paucity of 

information about an integral component: processes that occur in the initial stages of 

seawater mixing in the rising plume, within the first few hundred centimeters from the 

vent orifice.  

 The initial stage of the buoyant plume, characterized by very steep physical 

and chemical gradients between vent and seawater, is of particular importance because 

the formation of most minerals will occur near the vent source, with 50-60 % seawater 

mixed with the vent fluid (Klevenz et al., 2011). In Gartman et al. (2014) the 

geochemistry of the < 0.2 µm fraction of iron in hydrothermal fluid and within the first 

meter of the orifice was investigated. Nanoparticulate pyrite was found to be a 

significant component of < 0.2 µm iron at the Rainbow, TAG, and Snakepit vent sites 

(up to 5 % of < 0.2 µm iron). In the study presented here, we present measurements of 

trace metal and sulfide concentration and speciation in < 0.2 µm and unfiltered 

samples taken from the vent fluid and within the first 1.5 meters of the rising plume at 

those same three vent sites along the Mid-Atlantic Ridge. We consider the separation 

of metals into four different fractions: unfiltered and < 0.2 µm HCl and HNO3 

extractable metals, and consider differences in metal partitioning between the three 

sites. 
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2.1.1 Study Sites 

 The Trans-Atlantic Geotraverse (TAG), Snakepit, and Rainbow vent sites 

(Figure 2.1) were sampled along the Mid-Atlantic Ridge, a slow spreading plate 

boundary moving at rates less than 3 cm/year (Schmidt et al., 2007). The vent fluid at 

these three sites has the highest trace metal content of vent fields along the MAR 

(Douville et al., 2002).   

 

 
 
Figure 2.1   Map showing the location of the vent sites visited along the MAR. Map 

courtesy of http://www.geomapapp.org. 
 

 

  The TAG vent field (26˚ 8’ N, 44˚ 50’ W) lies at a depth of 3620 m on a 

mound 200 meters wide by 50 m high, and contains high temperature (360-364 ºC) 

Rainbow 

Snakepit 

TAG 
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black smokers (Hannington et al., 1995) that are clustered together. The lower 

temperature (265-300 ºC) white smokers observed previously have since become 

extinct (Gartman et al., 2014). The heat source at TAG is approximately 1000 m 

deeper than that of other MAR vent fields (Crawford et al., in Rona, 2010). At TAG, 

movement of the neutrally buoyant plume is primarily influenced by the tides 

(Edmonds et al., 2003). 

 The Snakepit vent field (23˚ 22’ N, 44˚ 57’ W), at 3460 m depth, is a massive 

sulfide deposit comprised of black smokers (Crawford et al., 2010). TAG and Snakepit 

represent basalt hosted vent fields of deeper water depths and higher pressures where 

phase separation does not occur. The black smokers at Snakepit have been named 

previously (Lalou et al., 1993), and samples were taken from the Moose (23 22.14 N, 

44 57.07 W) and Beehive (23 22.12 N, 44 57.13 W) vents. 

 The Rainbow vent field (36˚ 14’ N, 33˚ 54’ W), located 2310 m deep, is 

comprised of serpentinised peridotite and contains high temperature vents (up to 365 

ºC) that are characterized by low shipboard pH (2.8), low sulfide, and Fe 

concentrations and order of magnitude higher than those at TAG and Snakepit 

(Douville et al., 2002; Gartman et al., 2014; this work). Vent fluid from Rainbow has a 

uniform composition, indicating that it comes from a single source (Charlou et al., 

2002). Chloride concentrations are elevated as a result of phase separation, which 

concentrates the fluid to brine and increases metal solubility (Desbruyeres et al., 

2001). The vent fluid at Rainbow is high in organics, which is significant because 

capping by organics is a potential stabilization mechanism for nanoparticles (Lau and 
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Kim, 2008; Wang et al., 2009; Mullaugh and Luther, 2010). Bulk pyrite deposits at 

Rainbow show high degrees of trace metal substitution for iron, and contain large 

quantities of copper, zinc, and cobalt (Marques et al., 2007). Dispersion of the 

neutrally buoyant plume, and further transport of hydrothermally emitted species at 

Rainbow is primarily driven by bottom water currents (Edmonds et al., 2003).  

2.2 Methods 

2.2.1 Sample Collection 

 Field studies along the Mid-Atlantic Ridge were conducted aboard the R/V 

Knorr from 16 October until 9 November 2012. All end-member vent and rising 

plume samples at the Mid-Atlantic Ridge were taken by the Remotely Operated 

Vehicle (ROV) Jason II using Titanium Major Samplers. In order to obtain samples, 

the pilots of the ROV Jason II placed the nozzle of the sampler into the vent orifice. 

Depending upon where in the plume the sample was collected, once either shimmering 

fluid or black smoke was observed emitting from the sampler, the sample was taken. 

For samples within the chimney orifice, sample collection was conducted directly after 

taking the temperature of the vent fluid within the orifice using the high temperature 

probe supplied by Jason. For rising plume samples, the Jason pilot held the Major in 

one manipulator and the temperature probe in the other. Onboard ship, samples taken 

higher in the plume were observed to be darker with particles than those taken nearer 

to the orifice.  
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 Upon recovery of the samples on board the ship, the pH of the fluid was 

measured, and subsamples were taken from the Major Sampler to preserve for analysis 

of metals and sulfur species in both unfiltered and filtered (through a 0.2 µm filter) 

fractions.  Throughout this paper, the unfiltered fraction contains particles and 

dissolved species, and the < 0.2 µm filtered fraction contains (nano)particles < 0.2 µm 

and dissolved species.    

2.2.2 Metals Analysis 

Leaching procedure 

 Metals in soluble metal sulfides were differentiated from metals associated 

with pyrite using the HCl/HNO3 acid leach method of Huerta-Diaz and Morse (1992) 

as detailed in Yücel et al. (2011) and Gartman et al. (2014). Both filtered (0.2 µm) and 

unfiltered sub-samples were taken from the Major Samples and each sample was split 

into two and put in clean falcon tubes. One portion was fixed with concentrated trace 

metal clean HCl and the other HNO3. Both fractions were allowed to sit for at least 

eight hours prior to analysis. Fe-measurements were conducted shipboard at this time, 

and the remaining sample was frozen for analysis of other trace metals upon return to 

shore. Nitric acid is used as an oxidizing acid capable of dissolving minerals with a 

pyrite structure (pyrite or chalcopyrite), which are not soluble in HCl. 

 

 

 



 37

Fe measurements 

 Iron measurements of both unfiltered and filtered HCl and HNO3 treated 

samples were taken shipboard using a UV-VIS absorbance at 562 nm and the ferrozine 

method of Stookey (1979).  Samples were buffered in 2.5 M ammonium acetate prior 

to addition of the ferrozine reagent. After the initial analysis, the samples were treated 

with hydroxylamine hydrochloride as a reducing agent in order to measure total iron. 

Fe3+ was determined by the difference between these numbers; however, no Fe3+ was 

detectable in any of our samples.  

 

Trace metals 

 Magnesium (Mg), manganese (Mn), copper (Cu), cobalt (Co), zinc (Zn), 

cadmium (Cd), lead (Pb), and nickel (Ni) were measured in samples using a Thermo 

Electron Corporation Finnigan Element XR Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS) at low resolution. Prior to analysis, samples that had been 

acidified, leached and frozen shipboard were allowed to sit for a minimum of 8 hours 

to separate refractory phases (particles not dissolved by acid leaches) prior to 

subsampling for analysis. Subsamples were diluted 100 times in a solution of 5.2 nM 

iridium in 2 % Ultrex® nitric acid and 18 megaohm water (Barnstead). Preparation of 

the dilutions and analysis with the mass spectrophotometer were conducted under 

trace metal clean conditions. Samples were calibrated using an internal standard based 

on instrument response for replicate mixed standards. The response was normalized 
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using the ratio between the counts for each metal and those for the internal standard of 

iridium in which the samples were diluted.  

2.2.3 Silicon Measurements 

 Silicon was analyzed on a Thermo Intrepid II XSP Inductively Coupled Plasma 

Atomic Emission Spectrometer (ICP-AES) at 212 nm. The detection limit was 1.67 

µM silicon. A standard curve was prepared with NIST traceable commercial stock in a 

2 % HNO3 matrix (same as the diluted samples). Ytrium (0.51 mM) was used as an 

internal standard. Samples were allowed to defrost for 3 days in order to eliminate 

polymerization (Kobayashi, 1967) before making dilutions in 18 megaohm water 

(MilliQ).   

2.2.4 Sulfide Measurements 

 Acid volatile sulfide (AVS) and chromium reducible sulfide (CRS) were 

measured using the method of Fossing and Jøregensen (1989) after shipboard fixation 

and storage. To prepare the samples, 2 mL of 0.5 M NaOH and 5 mL of 0.1 M zinc 

acetate were added to 5 mL of sample to fix free sulfide and FeS sulfide as ZnS. Both 

unfiltered and 0.2 μm filtered samples were fixed, and the samples were immediately 

frozen and stored at -20 ºC. Prior to analysis onshore, samples were thawed and added 

to deoxygenated glass reaction vessels. Then, five mL of 3 M HCl were added to 

liberate the fixed sulfide as H2S gas. After 1.5 hours of purge and trap, sulfide gas 

from the AVS portion was trapped as HS- in 10 mL of anoxic 0.1 M trace metal clean 
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NaOH (Wu and Boyle, 1998) in a glass test tube, and the NaOH solution was analyzed 

on a hanging mercury drop electrode (HMDE) controlled by an AIS DLK-100A 

potentiostat. Sulfide was monitored at a potential of -0.6 V versus a saturated calomel 

electrode. In order to extract the CRS fraction, fresh NaOH was added to new test 

tubes, purged, then 4 mL acidified Cr(II) were injected into the reaction vessels. Cr(II) 

was prepared by reducing a Cr(III) solution on an amalgamated zinc column. After the 

addition of Cr(II), the mixture was allowed to purge and trap H2S for an hour, then the 

NaOH containing trapped sulfide was again analyzed on the HMDE.  

2.2.5 SEM/EDS 

 Samples of preserved filters from both the hot vent fluid and the buoyant 

plume were imaged using a scanning electron microscope. Samples were prepared by 

filtering 30 mL of vent fluid through a 0.2 µm Nuclepore filter, rinsed with deionized 

water to remove seawater salt, and dried under a flow of argon gas. Once dried, the 

filters were then attached to aluminum stubs with carbon paint and stored in petri 

dishes. Prior to analysis on the SEM both the filters and stubs were carbon coated with 

a Bench top Turbo III Denton Vacuum with a cold sputter module.   

  Imaging and elemental analyses were conducted on a Hitachi S-4700 scanning 

electron microscope located in the Delaware Biotechnical Institute in Newark, DE 

using Inca analysis software. Micrographs were taken using the Ultra-High resolution 

mode at 3 kV and 25 μA.  Analysis and elemental mapping with an Energy Dispersive 
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x-ray Spectrometer (EDS) equipped with an Oxford Inca X-act detector were done 

under Analysis mode, at 15 kV and 25 μA. 

2.3 Results  

2.3.1 Composition of End-member Vent Fluid  

 The concentration of magnesium in the 0.2 m filtered samples is used as a 

proxy to measure the extent of mixing between vent fluid and ambient seawater in the 

rising plume. End-member vent fluid has Mg concentrations of 0 mM (Edmond et al., 

1982), and end-member seawater has a Mg concentration of 53 mM. Once the 

magnesium concentration for each sample is known, it is then possible to calculate the 

percentage of seawater that has been entrained in the vent fluid as the plume rises, and 

to correct concentrations for this dilution (von Damm et al., 1985). The calculated 

concentrations of metals for end-member solutions (Mg=0) are reported in Table 2.1. 

These values are calculated only for samples taken from within the vent orifice.  
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Table  2.1    Calculated trace metal, silicon, and sulfide concentrations for end-
member vent fluid (Mg=0). Concentrations obtained from the unfiltered 
nitric acid portion of vent-fluid samples were used for the calculation. pH 
is the value measured on the ship. Sulfide is from the sum of unfiltered 
AVS and unfiltered CRS. *SP-1 through SP-5 are from the Beehive vent. 
SP-6 is from Moose. 

 
 
 
 
 
 

Vent Field Sample
Shipboard 

pH
[Sulfide] 

(µM)
[Si] 

(mM)
[Fe] 

(mM)
[Mn] 
(µM)

[Co] 
(µM)

[Ni] 
(µM)

[Cu] 
(µM)

[Zn] 
(µM) 

[Cd] 
(nM)

[Pb] 
(nM)

Rainbow RB-1 5.34 368 3.50 23.9 1026 10.5 27.5 117 204 872 2108
RB-2 2.87 954 3.09 23.7 1299 12.3 3.90 29.2 86.2 428 1216
RB-3 3.16 498 3.02 25.3 1529 18.1 2.23 5.24 18.6 56.5 111
RB-4 3.28 1030 3.95 27.6 1646 17.4 5.04 22.0 67.5 282 880
RB-5 4.65 1180 2.16 20.6 1220 18.7 3.29 0.196 1.04 5.73 42.3

TAG TAG-1 3.01 3500 8.27 5.74 415 1.94 4.09 14.4 26.8 124 371
TAG-2 3.2 462 8.09 5.71 376 1.62 2.27 8.07 18.4 90.6 286
TAG-3 3.03 3640 8.12 5.77 466 2.09 2.67 10.1 27.5 121 332
TAG-4 4.36 4380 17.9 11.0 1320 2.20 11.9 13.6 50.4 229 511
TAG-5 4.8 2900 9.18 5.83 367 2.15 4.22 13.9 29.7 142 388
TAG-6 2.98 3610 7.92 5.54 418 2.08 2.54 12.4 27.1 123 342
TAG-7 4.15 6280 15.4 10.3 755 2.80 4.14 19.6 42.2 195 684
TAG-8 5.11 6250 24.9 13.4 1350 2.56 15.8 11.3 37.4 171 619
TAG-9 4.56 4020 4.88 5.52 525 1.86 2.87 13.1 27.6 125 442
TAG-10 4.92 2300 9.89 5.07 1030 1.01 11.2 6.95 12.8 66.8 214
TAG-11 3.38 6370 7.00 4.75 363 1.45 2.35 19.2 19.9 104 274

Snakepit SP-1 5.17 2710 4.94 0.991 210 5.01x10-3 2.55 0.116 1.55 15.1 51.0
SP-2 4.42 5110 8.84 3.50 349 0.198 3.02 3.40 30.0 213 939
SP-3 3.22 4720 7.91 3.14 330 7.12x10-2 1.46 1.05 14.0 103 476
SP-4 3.45 6170 8.26 4.05 285 5.16x10-2 0.937 1.35 28.1 183 700
SP-5 3.29 4400 8.03 3.70 356 0.199 1.14 1.80 24.1 152 584
SP-6* 3.19 1540 8.79 4.02 377 0.370 1.21 4.88 25.2 181 804
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 The total metal concentrations that we report for vent fluid in Table 2.1 are 

within an order of magnitude or less of those previously reported for these vent sites 

(Desbruyeres et al., 2001; Douville et al., 2002; Charlou et al., 2002). Copper is a 

notable exception, with concentrations an order of magnitude lower than previously 

measured values, and will be discussed below in section 3.5.3. Metal to sulfide ratios 

(M:S) were calculated for each vent site as an average for all samples using the sum of 

the chalcophile elements (Fe, Co, Ni, Cu, Zn, Cd, Pb) to total AVS.  Rainbow has a 

M:S of 31.2 ± 16, TAG has M:S 1.88 ± 1.1, and Snakepit has M:S 1.94 ± 2.7. Metal 

concentrations are higher and sulfide concentrations are lower at Rainbow than at 

TAG or Snakepit due to the ultramafic, rather than basaltic, rocks surrounding the vent 

site (Charlou et al., 1997). Nickel concentrations are similar at all three sites. 

2.3.2 Effect of Seawater Mixing on Unfiltered Trace Metals  

2.3.2.1 TAG 

 Figure 2.2a shows the relationship between< 0.2 µm and unfiltered trace 

metals and < 0.2 µm (filtered) magnesium at TAG for all nitric acid treated samples. 

All metals except for nickel decrease in concentration with increasing seawater dilution 

(r2 values > 0.57). Iron and manganese are both present predominately in the < 0.2 µm 

fraction, whereas Cu and Co are mainly present in the unfiltered fraction. Zinc, 

cadmium, and lead are also mainly particulate; however with increased seawater 

mixing and increased distance from the orifice the percentage of the metal in the < 0.2 



 43

µm fraction increases. This increase may occur as larger particles settle more rapidly 

than smaller ones, and also indicates that there is very little particle growth in the 

buoyant plume. If particle growth were occurring, the fraction of particulate material 

would increase with distance from the orifice, particularly in the first meter where 

venting is still focused enough to keep larger particles suspended (Converse et al., 

1983). The decreasing percentage of particulates observed in our data across all three 

vent sites indicates that nanoparticulate minerals and dissolved metals persist within the 

first 1.5 meters of the plume.  

 

Figure 2.2 Metal correlations with filtered Mg at (a) TAG and (b) Snakepit from 
samples extracted samples. Iron data from Gartman et al. (2014). For clarity 
in the discussion (Section 4.1) an estimate of temperature is given on the 
upper x-axis based on an approximation between seawater mixing and 
temperature.  Note that for Cu, Zn, Pb, and Cd the filtered concentration in 
presented on the right y axis.  
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(a) TAG 
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(b) Snakepit 
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2.3.2.2 Snakepit  

 Figure 2.2b shows < 0.2 µm and unfiltered metal versus < 0.2 µm magnesium 

concentrations for all nitric acid-extracted samples from Snakepit. Iron, manganese, 

cadmium, zinc, and lead all decrease as magnesium concentrations increase and 

seawater is entrained in the vent fluid. Iron and manganese are predominantly present 

in the < 0.2 μm fraction while copper, cobalt, zinc, cadmium, and lead are in the 

particulate fraction. 

 Figure 2.3 shows the partitioning of < 0.2 µm and unfiltered manganese, 

copper, and zinc for samples taken in the Moose rising plume at Snakepit between the 

HCl and HNO3 extractable fractions as well as the percentage of these metals that is 

present either in the unfiltered fraction or as nanoparticulate/dissolved (< 0.2 μm) 

entities. Manganese is present predominately in the < 0.2 μm fraction, and only 13 % 

is particulate in the most well mixed sample (93 % seawater). There is no significant 

difference between Mn extracted by the HCl and HNO3 leaches.  

 Copper is mainly in the unfiltered fraction. Although the majority of copper 

remains in the unfiltered fraction, the < 0.2 μm fraction increases from 2.5-16 % with 

seawater mixing. Copper is extracted by nitric acid, and not HCl, consistent with its 

incorporation into pyrite or chalcopyrite.  

 The fraction of zinc that is particulate decreases from 95-61 % as the plume 

rises and mixes with seawater. Zinc is extracted in the HCl leach, which is expected 

because ZnS dissolves in HCl and ZnS2 has not been observed in the environment.  
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Figure 2.3 Partitioning of Mn, Cu, and Zn in the buoyant plume at Snakepit (11, 73, 
93% SW) between HCl and HNO3 extractable fractions, and the percentage 
of the metal in each size fraction as the vent fluid mixes with seawater.  Mn 
is mainly in the < 0.2 µm fraction and is soluble in HCl.  Copper is mostly 
particulate and has a significant component that is soluble only in HNO3. 
The percentage of zinc that is particulate decreases with seawater mixing, 
and is soluble in HCl.   

2.3.2.3 Rainbow 

 Table 2.2 gives the concentrations for metals from < 0.2 µm and unfiltered 

nitric acid treated samples. Iron, cobalt and manganese both decrease with increasing 

Mg. In the rising plume, iron and manganese remain predominantly in the < 0.2 m 

fraction and Co, Cu, Zn, Cd, and Pb are mainly in the unfiltered fraction.  

 
Table 2.2 Concentration of metals at Rainbow in all nitric acid samples. 
 

 
 
 
 
 
 

Sample Filter
[Mg] 

(mM) 
[Fe] 

(mM) 
[Mn] 
(µM) ±

[Co] 
(µM) ±

[Ni] 
(µM) ±

[Cu] 
(µM) ±

[Zn] 
(µM) ±

[Cd] 
(nM) ±

[Pb] 
(nM) ±

RB-2 filt 3.72 22.0 1240 110 8.36 0.71 3.63 0.25 0.11 8.0 x 10-3 0.57 0.041 3.58 0.24 18.5 1.3

unfilt 22.4 1210 84 11.4 0.83 3.81 0.41 27.1 2.26 80.2 6.6 398 38.4 1130 97

RB-3 filt 4.31 23.3 1130 23 3.43 0.08 2.05 0.25 0.0552 6.8 x 10-3 12.8 1.6 22.7 2.8 33.4 4.1

unfilt 21.8 1410 180 16.6 2.0 2.44 0.056 4.81 0.16 17.1 0.47 51.9 2.5 102 3.9

RB-6 filt 9.12 18.4 655 5.8 2.68 0.044 5.24 0.21 0.0779 2.9 x 10-3 0.824 0.031 4.16 0.15 18.9 0.79

unfilt 17.6 817 31 11.0 0.39 1.48 0.017 4.13 0.17 12.0 0.69 49.4 9.9 240 20

RB-4 filt 17.7 15.1 1240 50 3.51 0.14 3.35 0.20 0.097 5.0 x 10-3 0.656 0.035 3.85 0.23 21.3 1.1

unfilt 15.2 1100 57 11.6 0.60 4.78 0.36 14.6 0.64 44.9 2.3 188 100 586 60

RB-5 filt 28.0 9.27 483 61 0.883 0.12 2.84 0.25 0.0926 0.024 0.490 0.0565 2.70 1.6 20.0 1.4

unfilt 9.70 575 35 8.83 0.56 1.55 0.13 0.126 0.008 1.10 0.0714 3.92 0.38 24.4 1.5

RB-7 filt 38.4 3.27 208 11 1.63 0.093 2.15 0.16 0.0645 4.8 x 10-3 0.406 0.030 2.63 0.20 17.1 1.3

unfilt 3.27 298 23 3.26 0.24 4.32 0.25 20.8 1.28 46.8 2.6 188 11 513 30

RB-1 filt 43.7 4.19 252 7.3 1.71 0.048 2.81 0.093 1.05 0.012 3.24 0.038 17.6 1.2 57.7 0.45

unfilt 3.80 180 2.3 1.85 0.017 4.82 0.077 20.5 0.94 35.9 0.86 153 7.6 370 11
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2.3.3 Sulfur Speciation in the Plume 
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Figure 2.4 Concentrations of filtered and unfiltered AVS/CRS and total elemental 
sulfur in the rising plume at (a) Snakepit and (b) TAG. Sulfur 
concentrations from Chapter 3 and methods described therein.   

 

 Figure 2.4 shows the distribution of the AVS and CRS sulfide fractions 

and elemental sulfur in the rising plume at each of the three sites. AVS is composed of 

H2S, HS-, FeS, and other labile metal sulfides (ZnS, CdS, PbS) (Morse and Luther, 

1999). CRS is composed of FeS2 and FeCuS2 (Fossing and Jørgensen, 1989).  TAG 

has the highest measured total sulfide concentration (4130 M) composed of 

unfiltered AVS (3110 M) and CRS (1030 M) in the hydrothermal fluid. Unfiltered 

CRS is the dominant sulfide fraction at Snakepit with concentrations up to 771 M. 

Rainbow has the lowest total sulfide concentrations of any of the vent sites studied. In 

an end-member vent sample at Rainbow, (pH of 2.8) unfiltered CRS is the largest 

fraction at 683 M, followed by unfiltered AVS (463 M).  With further mixing there 

is no significant difference between the fractions (Figure. 2.4c). Particulate and 

nanoparticulate elemental sulfur reported as S0 were found at all three vent sites at 

concentrations up to 33 M (Chapter 3). TAG had the highest concentrations of total 

elemental sulfur, while Rainbow had the highest concentration of elemental sulfur (12 

M) in the < 0.2 m fraction. Elemental sulfur is expected to precipitate prior to or 

during iron sulfide formation (Chadwell et al., 2001), and in vent water dilutions 

greater than 95 % (Klevenz et al., 2011).  
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2.3.4 Silicon  

 Figure 2.5 shows < 0.2 µm and unfiltered silicon concentrations versus < 

0.2 µm magnesium for TAG (Figure 2.5a) Snakepit (Figure 2.5b) and Rainbow 

(Figure 2.5c). Silicon concentrations were correlated with Mg (r2 > 0.78), and were 

predominately in the < 0.2 µm fraction at all three vent sites. Average calculated 

endmember (to 0 mM Mg) silicon concentrations were 11.05 ± 5.9 at TAG, 7.8 ± 1.5 

at Snakepit, and 3.1 ± 0.66 at Rainbow (see Table 2.1). These concentrations were 

approximately half those that have been previously reported (Douville et al., 2002); 

however, silicon concentrations are expected to be variable with time (Von Damm et 

al., 1995) 

 

 

 

 

 

 

 

 

 

 
Figure 2.5 Unfiltered and filtered (< 0.2 µm) silicon concentrations from (a) TAG, (b) 

Snakepit, and (c) Rainbow.  
 

(a) (c) (b) 
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2.3.5 Association of Trace Metals in the Buoyant Plume 

 Figure 2.6 (a,b,c) shows the correlation between unfiltered copper versus 

unfiltered cobalt, in the nitric acid treated samples, whereas Figure 2.6 (d,e,f) shows 

unfiltered zinc versus unfiltered lead, and cadmium at all three sites. At TAG (Figure 

6a,d) and Snakepit (Figure 2.6b,e), copper is correlated with cobalt, and cadmium and 

lead are correlated with zinc, indicating that these metals are co-precipitating. This is 

significant as unfiltered copper is mainly extracted in the HNO3 leach, but unfiltered 

zinc is extracted in HCl, consistent with different metal sulfide phases within the 

unfiltered fraction of these metals. At Rainbow (Figure 2.6 c,f) cadmium and lead 

correlate with zinc, but unlike the other two sites copper and cobalt are not correlated. 

The following section will describe the distribution of these metals in more detail.  
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Figure 2.6 Correlation between concentrations of Co and Cu, Zn and Cd, and Zn and 

Pb at (a, d) Snakepit  (b, e) TAG and (c, f) Rainbow (r2= Co=0.41, Pb= 
0.15).  Copper and cobalt, and zinc and lead are not correlated at Rainbow. 
Metal concentrations are from unfiltered, nitric acid treated samples.    
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2.3.5.1 Iron 

 In the first 1.5 meters of the plume, iron is mainly present in the < 0.2 µm 

fraction. Previous study of the iron speciation in these samples demonstrated that the < 

0.2 μm < 0.2 µm fraction at all three sites contains pyrite nanoparticles, which may 

incorporate other metals into their structure (Gartman et al., 2014). Thus, the < 0.2 µm 

fraction contains not only dissolved Fe2+, but also iron sulfide (FeS, FeS2) 

nanoparticles. At TAG, unfiltered copper, zinc, and lead are correlated with unfiltered 

Fe (Figure 2.7a,b). The correlation between zinc and iron at TAG could be due to 

simultaneous precipitation of ZnS and iron sulfide particles (Yücel et al., 2011) or 

incorporation of iron into sphalerite (Scott, 1983). At Snakepit (Figure 2.7c) only 

manganese and copper are correlated with Fe, and at Rainbow (Figure 2.7d) only 

manganese and cobalt are correlated with iron. Manganese is correlated with iron at all 

three sites because both are present mainly in the same fraction (< 0.2 μm). The 

correlation is not likely due to the precipitation of Fe-Mn phases or adsorption of Mn 

onto iron oxides as oxidized iron was not detected in any samples taken from the three 

vent sites. Unfiltered silicon is also correlated with unfiltered iron at all three sites and 

shown in Figure 2.7; however at Snakepit only the vent fluid samples correlate with 

iron. The two samples taken from the Moose plume (grey circles, Figure 2.7c) do not 

follow this relationship, perhaps due to Si precipitation with increasing pH in the 

rising plume at this site.  
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Figure 2.7 Trace metals (unfiltered, HNO3 leach) and unfiltered silicon correlated to 

unfiltered iron at (a, b) TAG (r2 Mn=0.98, Cu=0.88, Zn=0.65, Pb=0.74, 
Si=0.90) (c) Snakepit (r2 Mn=0.88, Cu=0.87, Si=0.98) and (d) Rainbow (r2 
Mn=0.78, Cd=0.88, Si=0.96). Copper and cobalt, and zinc and lead are not 
correlated with unfiltered iron at Rainbow.  
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 The precipitation of metal sulfides may provide a site for further nucleation of 

pyrite (Yücel et al., 2011, Gartman et al., 2014) because the nucleation of pyrite in 

acidic (pH < 7) waters below 300 °C is slow (Shoonen and Barnes, 1991; Wilkin and 

Barnes, 1997). We calculated the maximum rate of pyrite formation in the high 

temperature fluid at TAG to be 7.7 nmol L-1s-1, decreasing to 6.80 x 10-5
 nmol L-1

 s-1
 at 

37.6 °C (calculations based on kinetics from Rickard, (1997)). Thus, the nucleation of 

other metal sulfides may provide energetically favorable surfaces for continued 

precipitation of pyrite in the plume. Silicates may also form around metal sulfide 

centers, as was observed in nanoparticles from Lau Basin vent fluid (Gartman et al., 

2014).  

2.3.5.2 Manganese 

 Manganese is correlated with iron (Figure 2.7), as both of these elements are 

present in the < 0.2 m fraction in the first meter of the plume at all three vent sites. 

Despite this initial similarity in their behavior, iron is much more reactive than 

manganese with respect to both oxidation and particle formation: the residence time of 

Fe in the neutrally buoyant plume is minutes to hours (Field and Sherrell, 2000), but 

the residence time of manganese is weeks to years (Mandernack and Tebo, 1993). In 

modeling element behavior and particle formation in the plume, Klevenz et al. (2011) 

predict low concentrations of Mn in particles, and no precipitation of manganese 

oxides should occur close to the vents due to slow oxidation kinetics of Mn2+ at pH < 

9 (Morgan, 2005; Luther, 2010). At all three vent sites, manganese is mainly present 
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in the < 0.2 m fraction, a result consistent with prior studies (Klinkhammer 1985, 

Sands et al., 2012).  

2.3.5.3 Copper and Cobalt 

 Unfiltered copper trends with unfiltered iron at TAG and Snakepit (Figure 

2.7a,b,c) as it readily precipitates with iron in sulfide minerals such as chalcopyrite 

(FeCuS2) and is incorporated as a trace constituent into pyrite (FeS2). Cobalt typically 

precipitates with copper in chalcopyrite at temperatures greater than 350 C (Metz and 

Trefry, 2000). Cobalt is correlated with copper at TAG and Snakepit, but not at 

Rainbow, and copper and iron are not correlated at Rainbow. The lower sulfide 

concentrations and higher metal:sulfide ratio at Rainbow means that fewer metals will 

precipitate as metal sulfide minerals (Klevenz et al., 2011). Unfiltered copper 

concentrations in our samples are an order of magnitude lower than expected based on 

the endmember values presented in Douville et al. (2002) and do not correlate to Mg. 

It is likely that much of the copper has already been precipitated as chalcopyrite at 

high temperatures within the vent chimney (Seyfried and Ding, 1995; Tivey, 1995) 

(see Section 2.4.2.1 for discussion). Chalcopyrite was detected via XRD in the TAG 

hydrothermal fluid (Gartman et al., 2014).  

2.3.5.4 Zinc, Lead, and Cadmium 

 Unfiltered zinc is correlated with both unfiltered cadmium and lead at all three 

vent sites (Figure 6d, e, f). The unfiltered fraction of Cd and Pb also shows a 
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correlation to < 0.2 µm Mg concentrations at TAG and Snakepit (Figure 2.2). Due to 

the lower temperature at which ZnS forms, these metals have not been considerably 

precipitated from the plume, in contrast to Cu, and demonstrate more conservative 

behavior within the dilution range of our samples. Zn, Cd, and Pb are not correlated 

with Mg at Rainbow.  

2.3.5.5 Nickel 

 Nickel concentrations show no trend with unfiltered Fe, Mn or < 0.2 µm Mg at 

any of the vent sites. Trocine and Trefry (1988) reported similar findings in the TAG 

plume, where Ni did not correlate with Fe, Mn, or total suspended matter. Nickel is 

not leached in hydrothermal circulation, and is slow to react in mineral formation 

processes (Morse and Luther, 1999).  

2.3.6 Differences in Particle Formation Between Vent Sites 

 Our data set is unique in that it allows the investigation of possible mineral 

formation processes and metal partitioning during the early stages of the rising plume, 

less than 1.5 meters from the vent orifice. Moreover, because similar samples were 

obtained for three different vent fields we are also able to make inter-site comparisons 

between the hydrothermal fluid, and processes occurring in the early stages of the 

plume < 1.5 meter from the vent orifice. 

 As demonstrated by Figures 2.6 and 2.7, the associations between metals are 

similar at both TAG and Snakepit, but differ at Rainbow, which suggests that different 
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precipitates are forming in the plumes of each vent site. There are several possible 

reasons for this observed difference. First, the Rainbow vent fluid contains higher 

concentrations of chloride (750 mM) than TAG (650 mM) and Snakepit (550 mM) 

(Douville et al., 2002).  Chloride increases the solubility of many metals, and so may 

keep greater quantities of these metals in solution rather than allowing them to form 

particles. More importantly, the total metal:sulfide ratio at Rainbow is the highest of 

the three vent sites. This ratio affects the type and quantity of metal sulfide minerals 

that will reach their saturation state and precipitate. German et al. (2010) calculated 

that only 4 % of total iron at Rainbow could precipitate as sulfide minerals, and 

present evidence for very little iron precipitation between end member fluid and the 

neutrally buoyant plume, despite iron oxide formation further on in the plume.  

 Additionally, although Rainbow has lower silicon than the other sites (Figure 

2.5), silicon is likely to be important for particle formation and trace metal distribution 

at Rainbow due to its low sulfide and high iron concentrations. Figure 2.8 shows an 

SEM micrograph of iron silicate particles caught on a 0.2 µm filter from the rising 

plume at Rainbow. EDS mapping shows clearly overlapping areas of concentrated Fe 

(Figure 2.8b) and Si (Figure 2.8c) in the particles lying diagonally on the filter. The 

formation of significant quantities of iron silicate or oxide (nano)particles with respect 

to iron sulfides would result in changes in trace metal distribution, as trace metal 

partitioning in oxides and silicates is very different from that in sulfides (Walther, 

2005).  
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2.3.7 Nanoparticulate Metals 

2.3.7.1 Nitric Acid Soluble Metals in the < 0.2 µm Fraction 

 Thus far, the results presented have predominately focused on the unfiltered, 

nitric acid-extracted metal concentrations; however, it is important also to investigate 

the < 0.2 µm fraction, as particles present in this portion will be much slower to settle 

and could be transported to the wider ocean (Yucel et al., 2011, Gartman et al., 2014). 

The < 0.2 µm fraction can be characterized by comparing the metals extractable in the 

hydrochloric acid (consisting of dissolved metals and metal monosulfides) and nitric 

acid leaches (consisting of dissolved metals, metal monosulfides, and 

pyrite/chalcopyrite nanoparticles). The concentration of a metal that is only soluble in 

nitric acid (Δ-N) is obtained by subtracting the hydrochloric acid concentration from 

the nitric acid concentration (equation 1).  

(1) -N = [M]HNO3 -  [M]HCl  

A two-tailed t-test was conducted to determine significant differences between the two 

fractions, with p-values less than 0.1 used to establish significance.   

 The concentration of nitric acid soluble metal and the percentage of the total < 

0.2 µm fraction are presented in Table 2.3. The results presented in Table 2.3 

demonstrate the diversity of metal speciation within the < 0.2 µm fraction. At least 

some portion of < 0.2 µm Co, Cu, Zn, Cd, and Pb is present in the nitric acid soluble 

fraction at each vent site, with the exception of Cd and Pb at TAG. Metals with 

significant nitric acide-extractable concentrations follow the order [Cu]> [Co]≈ 
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[Zn]>[Pb]>[Cd] that is consistent with the preferential partitioning of these metals as 

trace constituents in pyrite (Morse and Luther, 1999). Metals in the < 0.2 µm fraction 

are present either as constituents of pyrite nanoparticles in the nitric acid fraction, as 

discrete metal sulfides and dissolved entities soluble in HCl, or as silicate 

nanoparticles. These species will each have different reactivity with respect to 

oxidation and particle growth. In particular, pyrite nanoparticles oxidize slowly 

(Gartman and Luther, 2014) and so the presence of trace metals means that pyrite 

nanoparticles may serve not only as a source of iron to the larger oceans (Yücel et al., 

2011), but as a source of other trace metals as well.   

 

 

Table 2.3 Composition of the < 0.2 µm fraction for all samples. The percentage of < 
0.2 µm metal concentration/unfiltered metal concentrations is presented for 
HNO3-extractable Fe, Mn, Co, Cu, Zn, Cd, and Pb in vent fluid and in the 
first 1.5 meters of the rising plume at each vent site. The concentration of < 
0.2 µm, nitric acid soluble metal (-N) is presented for Co, Cu, Zn, Cd, and 
Pb in samples where there is a significant difference between HNO3 and 
HCl leaches. Samples in bold are samples that also contained 
nanoparticulate pyrite (Gartman et al., 2014). Samples in italics are from 
the rising plume and are presented with mixing information. The plume 
samples at Snakepit are from the Moose vent. %-N/total is the percentage 
of nitric acid-extractable metal/total < 0.2 µm metal concentration.  
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2.3.7.2 Effect of Seawater Mixing on < 0.2 µm Trace Metals  

 At these sites, most metals, with the exception of iron and manganese, are 

predominately particulate (Table 2.3). A greater portion of copper is removed from 

solution at Rainbow, with under 2 % of copper present in the < 0.2 µm fraction in the 

first meter except for vent fluid sample (RB-5) that had < 0.2 µm Cu as 74 % of the 

total Cu concentration. The composition of Rainbow vent fluid should be similar 

because it comes from a single source (Charlou et al., 2002), and so this difference 

may be due to variability in either precipitation in the chimney or sample 

heterogeneity. Rainbow also has the lowest percentage of Mn in the < 0.2 µm fraction 

(70 to 80 %) of the three vents sites. Since manganese oxides are not expected to form, 

the higher percentage of particulate Mn is likely due to the absorption of Mn2+ onto 

other particles, or incorporation into silicates. Although the neutrally buoyant plume at 

Rainbow is enriched in iron oxide particles (Edmonds and German, 2004), we find 

that within the first meter iron is reduced and remains > 94 % in the < 0.2 µm fraction. 

Prior HNO3 extraction and analysis of these samples showed that a significant portion 

(up to 5.24 %) of < 0.2 µm iron at Rainbow is present as pyrite nanoparticles and SEM 

data suggest formation of silicate nanoparticles as well (Gartman et al., 2014 and 

Figure 2.8). Iron oxides are not present in the first 1.5 m of the rising plume, as we 

detected neither Fe3+ nor oxygen in the plume over the range sampled. An iron 

catalytic cycle with sulfide and oxygen likely occurs, consuming O2 and maintaining 

reduced iron concentrations at this point in the plume (Chapter 3). 
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 The results in Table 2.3, and in Figures 2.6 and 2.7, highlight the importance of 

studying the early portions of the buoyant plume in understanding the dynamics of a 

particular vent field. In a study of particles from the neutrally buoyant plume 

approximately 200-300 meters above the vents at Rainbow, Edmonds and German 

(2004) found partitioning behavior for chalcophile elements (Fe, Cu, Zn) to be similar 

to that observed in other neutrally buoyant plumes emanating from basalt-hosted vent 

sites. Our data demonstrate; however, that nearer to the vent orifice and before the 

hydrothermal fluid is extensively diluted with seawater, there exist clear differences in 

the behavior of these metals between vent sites with respect to particle formation and 

trace metal association.  Differences between vents sites are evident in (1) the 

changing association of trace metals with iron between the three vent sites, (2) the 

correlations between Cu, Co, Zn, Pb, and Cd at TAG and Snakepit, but not at 

Rainbow, (3) the higher percentage of < 0.2 µm Cu and Co at TAG and Zn, Cd, and 

Pb at Snakepit, and (4) the higher percentage of Mn that is particulate at Rainbow than 

at the other two sites. These differences in fluid chemistry play an important role in 

early plume processes affecting these metals, and indicates that other processes occur 

as the plume ages, resulting in a more homogenous distribution pattern. 
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2.4 Discussion 

2.4.1 Metal Sulfide Particle Formation  

 In general, a significant amount of chalcophile metals precipitate (106-107 

kg/year) with sulfide in the rising plume (James and Elderfield, 1996) and are 

preferentially removed in the following order: Cu > Co > Zn > Cd (Douville et al., 

2002). Consistent with our results, the thermodynamic modeling of Klevenz et al. 

(2011) demonstrated that initially both iron and manganese are present in the 

(operationally defined) dissolved fraction, and copper and zinc precipitate rapidly 

compared to iron at low seawater mixing. Zn typically forms its own discrete sulfide 

precipitate apart from pyrite, incorporating both Cd and Pb, because the water 

exchange rates of these metals (measured at 25 °C) are faster than those of iron and 

thus will form sulfide minerals independent of iron sulfides (Morse and Luther, 1999; 

Yücel et al., 2011).  In contrast, cobalt has a slower water exchange rate, and is thus 

incorporated into pyrite or chalcopyrite. Copper has a faster water exchange rate than 

iron and so it acts as a seed particle around which iron sulfides form.  

 Seyfried and Ding (1995) provide a model and experimental data to 

demonstrate metal behavior as cooling hydrothermal fluid seeps through the seafloor 

into the vent chimney. As a result of the cooling of hydrothermal fluid from 400-350 

°C, the solubility of both pyrite and chalcopyrite decreases several orders of 

magnitude. The solubility of copper decreases an additional order of magnitude 

between 350 and 300 °C, while that of iron decreases by only 6 %.  
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             This leads into a general conceptual model of metal sulfide precipitation in the 

plume: copper sulfides precipitate first, followed by zinc sulfides, then iron sulfides, 

and later iron oxides (Klevenz et al., 2011). Trace metals selectively co-precipitate 

with these major mineral constituents; cobalt is typically associated with chalcopyrite 

(FeCuS2) and cadmium and lead are found in sphalerite (ZnS). 

 Chalcopyrite precipitates at temperatures between 250 and 350 ºC via the 

reaction of aqueous reduced copper and pyrite (equation 2; Rickard and Cowper, 

1994). The reaction is first order with respect to the dissolved Cu+ concentration.  

 (2) 2 Cu+ + FeS2  CuFeS2 + Cu2+ 

The rate of chalcopyrite formation shows strong temperature dependence. At 

temperatures above 200 ºC the reaction proceeds rapidly and is expected to preclude 

other interactions between copper and the iron sulfide system (Rickard and Cowper, 

1994). The rapid formation of chalcopyrite in the end-member fluid removes the 

majority of the copper from solution prior to other metal sulfide particle formation. 

 Following chalcopyrite formation, as temperatures fall further and the pH 

increases due to seawater entrainment, zinc sulfide minerals precipitate. Sphalerite is 

the dominant zinc-bearing mineral in hydrothermal deposits, and precipitates at 

temperatures less than 200 ºC (Metz and Trefry, 2000) and at pH less than 7 (Ding and 

Seyfried, 1995). Sphalerite precipitation is highly dependent upon both temperature 

and pH, and decreasing concentrations of sulfide in solution also induce precipitation 

of ZnS (Hayashi et al., 1990). At temperatures higher than 200 °C, the stability of 

zinc-chloride complexes increases (Tagirov and Seward, 2009) and they are expected 
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to dominate zinc speciation (Hsu-Kim et al., 2008), increasing zinc solubility. Once 

the temperature drops, these chloride complexes become less stable and reaction and 

complexation with sulfide become more important for zinc speciation (Tagirov et al., 

2007) with solubility decreasing.  

 Finally, iron sulfides, including greater quantities of pyrite, are expected to 

precipitate in waters with a seawater percentage of 50-60 % (Klevenz et al., 2011). 

The rate of pyrite formation is less dependent on temperature than that of chalcopyrite 

(Rickard and Cowper, 1994; Rickard and Luther, 1997; Rickard, 1997), and the 

kinetics follow a sigmoidal curve between 25–125 ˚C, with the peak in rate attributed 

to changes in the FeS reactant over this temperature range. At hydrothermal vents, 

pyrite formation likely occurs mainly through the H2S pathway (equation 3) rather 

than the polysulfide pathway due to the faster kinetics, prevalence of reactants, and 

lower pH of the vent environment.   

(3) FeS+H2S FeS2+H2 

The reaction of H2S with FeS is a second order reaction dependent upon both the 

concentration of FeS and H2S.  

 A shift occurs in plume composition from metal sulfides to metal oxides as the 

plume entrains more seawater and becomes more oxidizing (Trocine and Trefry, 

1988). At this stage metal sulfides can begin to oxidize and dissolve, and particle 

reactive elements such as Cu, Mg, and Pb can be scavenged by iron oxides. No 

oxidized iron was detected for either unfiltered or < 0.2 µm fractions in any of our 
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samples, indicating that within the initial meter of these buoyant plumes, metal 

speciation is still dominated by metal sulfides. 

2.4.2 Silicate Particle Formation: Reverse Weathering 

 Silicon may play an important role in particle formation in the rising plume, 

particularly at vents with low sulfide concentrations. In addition to the data shown in 

Figure 2.8 additional SEM analyses showed that aluminosilicates were present in 

samples taken from the TAG rising plume (at a pH of approx. 7) at the MAR 

(Gartman, 2013). Iron silicate nanoparticles were found in the vent fluid at Lau Basin 

(Gartman et al., 2014), iron sulfur particles containing silica, and iron silicate particles 

containing sulfur have been found higher in the rising plume of EPR (McConaghy and 

Mottle, 1990) and amorphous silica has been observed to coat vent chimneys, 

particularly at lower temperatures (Koski et al., 1994). Unlike sulfide, which will 

oxidize or precipitate with other metals, silicon is less reactive under the conditions of 

the early plume. Silica precipitates at near-neutral pH and high sweater mixing ratios 

(Conrad et al., 2007), which is consistent with our results showing that it remains 

primarily in the < 0.2 µm fraction early in the plume.  
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Figure 2.8 (a) SEM micrograph taken of particles caught on a 0.2 µm filter from the 

rising plume at Rainbow (8 % mixing, shipboard pH 7.7). EDS elemental 
mapping clearly showed overlap between areas of Fe (b) and Si (c) 

 

 

 The observation of iron silicates at Rainbow (Figure 2.8) is highly significant 

as it indicates that reverse weathering is occurring within the vent plume, and may 

account for the particulate manganese (Table 2.3). Reverse weathering occurs via the 

general reaction shown in equation 4 (Aller, 2013) 

 

(4) SiO2 + Al(OH)4
- + (Fe2,3+, Mg2+, Mn2+) + F- + HCO3

-  metal-rich 
aluminosilicates + CO2 + H2O 
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Reverse weathering was initially postulated by Mackenzie and Garrels (1966) to be 

important for the mass balance of elements in the oceans, and it has been speculated 

that the high temperature formation of clays at hydrothermal crests could be partially 

responsible for maintaining the pH of the oceans (von Damm and Edmond, 1984). 

This process is not widespread in the oceans; however, it has been observed in 

estuaries and river deltas with high sedimentation rates (Michalopoulos and Aller, 

1995). Due to the elevated metal and silica concentrations in vent fluid and high 

sedimentation rates in the rising plume, hydrothermal vent plumes represent another 

important potential location for reverse weathering.  

2.5 Conclusions 

 An investigation of trace metal partitioning and size fractionation was 

conducted in the vent fluid and within the first 1.5 meters of three hydrothermal 

plumes along the MAR. At each vent site, iron and manganese remain in the < 0.2 m 

fraction, whereas copper, cobalt, zinc, lead, and cadmium are predominately 

particulate. Manganese behaviour contrasts with the chalcophile elements with 

increased seawater mixing. Up to 30 % of Mn is particulate at high seawater:vent fluid 

ratios, specifically at Rainbow, potentially due to incorporation of Mn into silicate 

particles via reverse weathering, but for the other metals the percentage of particulates 

decreases. 

 At TAG and Snakepit, copper was correlated with cobalt, and zinc was 

correlated with cadmium and lead. At Rainbow, zinc correlates with cadmium and 
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lead; but copper and cobalt are not correlated. The differences in metal associations 

between the vent sites indicate that different precipitates are forming in the Rainbow 

plume than at TAG or Snakepit due to the unique chemical composition of the 

Rainbow vent fluid. The results at TAG and Snakepit are consistent with the generally 

accepted conceptual model for metal sulfide mineral precipitation in the plume 

(Trocine and Trefry, 1988; Ding and Seyfried, 1995; Metz and Trefry, 2000; Klevenz 

et al., 2011). As vent fluid rises and mixes with seawater, first copper and cobalt 

precipitate in chalcopyrite, then zinc, lead, and cadmium precipitate in a discrete 

sulfide phase, followed by the formation of larger quantities of iron sulfides. 

Significant nitric acid extractable concentrations of all trace metals ([Cu]> [Co] ≈ 

[Zn]>[Pb]>[Cd]) were measured in the < 0.2 µm fraction at all three vent sites. At 

Rainbow, the formation of iron silicates may play an important role in affecting the 

distribution of chalcophile elements. SEM micrographs combined with elemental 

maps showing overlapping Fe and Si indicate that reverse weathering occurs in 

hydrothermal vent plumes.  

 Our dataset is unique in that it focuses on the very early stages of the buoyant 

plume (within 1.5 m from the orifice). That these particle formation processes are 

observed within the first meter of the plume highlights how rapidly particle nucleation 

and growth occur in this dynamic environment, and thus the importance of this initial 

mixing zone for controlling metal fluxes from the vents to the larger oceans. 
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Chapter 3 

DISTRIBUTION AND SIZE FRACTIONATION OF ELEMENTAL SULFUR 
AQUEOUS ENVIRONMENTS: THE CHESAPEAKE BAY AND MID-

ATLANTIC RIDGE 
 

Abstract 

 
Elemental sulfur is an important intermediate of sulfide oxidation and may be 

produced via abiotic and biotic pathways.  In this study the concentration and size 

fractionation of elemental sulfur were measured in two different sulfidic marine 

environments: the Chesapeake Bay and in buoyant hydrothermal vent plumes along 

the Mid-Atlantic Ridge.  Nanoparticulate sulfur (< 0.2 µm) was found to comprise up 

to 90 % of the total elemental sulfur in anoxic deep waters of the Chesapeake Bay.  

These data were compared with previous studies of elemental sulfur, and represent one 

of the few reports of nanoparticulate elemental sulfur in the environment.  

Additionally, a strain of phototrophic sulfide oxidizing bacteria isolated from the 

Chesapeake Bay was shown to produce elemental sulfur as a product of sulfide 

oxidation.  Elemental sulfur concentrations are also presented from buoyant 

hydrothermal vent plumes located along the Mid-Atlantic Ridge. In the Mid-Atlantic 

Ridge plume, S0 concentrations up to 33 µM were measured in the first meter of rising 

plumes at three different vent sites, and nanoparticulate S0 was up to 44 % of total 

elemental sulfur present.   
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3.1 Introduction 

Zero-valent sulfur (ZVS) species, meaning compounds in which sulfur is in a 

neutral oxidation state, can form via a variety of biotic and abiotic pathways. As a 

(meta)stable intermediate of sulfide oxidation, elemental sulfur (S0), and other ZVS 

species such as polysulfides (Sx
2-) may be important components of microbial 

(Schauder and Muller, 1993; Franz, 2007) and geochemical (Luther, 1990) processes 

in natural waters. .   

The oxidation of sulfide to elemental sulfur by molecular oxygen requires a 

two electron oxidation of sulfide.  The one electron transfer from sulfide to oxygen is 

thermodynamically unfavorable (Luther, 2010). The two electron transfer from sulfide 

to oxygen, although thermodynamically favorable, is kinetically inhibited.  In order 

for a two electron transfer from sulfide to oxygen to occur, the electrons from sulfide 

must first be unpaired, (Luther, 1990) which poses a kinetic barrier to the oxidation 

(Luther et al., 2011).  Oxidation of sulfide by oxygen can be facilitated with the aid of 

a bridging metal catalyst (Yao and Millero, 1996), which facilitates the transfer of 

electrons from sulfide to oxygen.  Elemental sulfur has been observed as an oxidation 

product of sulfide oxidation by manganese oxides (Herszage and dos Santos Afonso, 

2003) and iron (oxy)hydroxides (Pyzik and Sommer, 1981; Luther, 1991; Poulton, 

2003).   

Due to these thermodynamic and kinetic constraints on abiotic sulfide 

oxidation in the absence of metal catalysts, micro-organisms play an important role in 

mediating sulfide oxidation environmentally, forming elemental sulfur as the first 
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stable oxidation product (Taylor and Wirsen, 1997; Frigaard and Dahl, 2008).  Biotic 

sulfide oxidation kinetics are orders of magnitude more rapid than abiotic pathways 

(Luther et al., 2011).  The exact composition of elemental sulfur produced by different 

types of bacteria is a matter of debate; however, in general, microbially produced 

elemental sulfur is hydrophilic and of lower density than inorganically produced sulfur 

(Kleinjan et al., 2003).  Microbially produced sulfur can be intracellular, such as that 

produced by purple sulfur bacteria, or extracellular, as in green sulfur bacteria (van 

Gemerden et al., 1986; Frigaard and Dahl, 2008), and may have a protein coating.   

The actual globules are not the more crystalline orthorhombic sulfur, but rather a more 

hydrated form of S8 rings or chains (Prange et al., 2002). In addition to bacteria that 

produce elemental sulfur as a product of sulfide metabolism, many bacteria, such as 

Sulfurospirillum arcachonense, Desulfurella acetivorans, and Shewanella putrefaciens 

utilize elemental sulfur and polysulfides as an energy source (Schauder and Muller, 

1993; Franz et al., 2007; Sievert et al., 2007).  Elemental sulfur is also an important 

source of energy for many archaea, and can be utilized as either an electron donor for 

aerobic archaea such as the Acidianus and Sulfolobus species, or an electron acceptor 

for anaerobic archaea (Kletzin et al., 2004).  

Zerovalent sulfur species have been observed in a variety of natural 

environments, and nanoparticulate elemental sulfur has been synthesized and 

characterized in the laboratory (Ghosh and Dam, 2009; Deshpande et al., 2008; Guo et 

al., 2006; Steudel, 2003).  Elemental sulfur has been found in the water columns of 

stratified lakes (Zerkle et al., 2010; Kamyshny et al., 2011), and in marine 
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environments, including tidal pools (Kamyshny and Ferdelman, 2010), inland bays 

(Ma et al., 2006), the Black Sea (Luther et al., 1991; Jørgensen, 1991; Trowbourst et 

al., 2006), and the Cariaco Basin (Hastings and Emerson, 1988; Li et al., 2008). Sulfur 

has also been found in sediments (Yücel et al, 2010; Lichtschlag et al., 2012) and in 

sediment porewaters (Luther et al., 1986; Rozan et al., 2000; Wang and Tessier, 2009).   

The size of elemental sulfur affects its chemical reactivity (Steudel, 2003) and thus its 

availability to microorganisms as a substrate (Franz et al., 2007).  Despite the 

influence of particle size on chemical and biological processes, the size distribution of 

elemental sulfur in the environment has not yet been widely studied.  Elemental sulfur 

measured in sediments is reported as unfiltered extractions (Troelsen and Jørgensen, 

1982; Wang and Tessier, 2009; Lichtslag et al., 2012).  In the water column, reports of 

elemental sulfur have been presented as unfiltered totals (Zopfi et al., 2001), as the 

fraction caught on a 0.2 μm filter (Ma et al., 2006), and only a few studies have 

investigated the fraction passing through a filter.  Kamyshny and Ferdelman (2010) 

measured S0 in the filtrate passing a 5 μm filter, Kamyshny et al. (2011) passing a 1.2 

μm filter, Zerkel et al. (2010) passing both a 0.45 and a 0.2 μm filter, and Li et al. 

(2008) in that passing a 0.2 μm filter.  

In this study, we operationally define the portion of sulfur passing through a 

0.2 μm filter as nanoparticulate and the fraction caught on the filter as particulate.  

Total elemental sulfur refers to the sum of these two fractions. We present data on the 

presence and distribution of particulate and nanoparticulate elemental sulfur in two 

distinct marine environments (the Chesapeake Bay and the Mid-Atlantic Ridge), as 
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well as in cultures of anoxygenic phototrophic sulfide oxidizing bacteria. In particular 

we show that nanoparticulate elemental sulfur exists in both the Chesapeake Bay and 

the Mid-Atlantic Ridge, and we highlight the importance of nanoparticulate elemental 

sulfur as a component of biotic and abiotic cycling in these different systems. 

3.1.1 Study Sites 

The Chesapeake Bay is a partially mixed and seasonally anoxic estuary.  An 

oxic upper layer and an anoxic deep layer develop in the spring and summer due to 

temperature and salinity gradients (Officer et al., 1984).  The deep layer can become 

sulfidic, resulting in a suboxic zone in which neither oxygen nor sulfide is detected is 

typically present (Lewis et al., 2007).  The study site on the Chesapeake Bay is a hole 

south of the Chesapeake Bay bridge (Station 858; 38°58.8′ N; 76°22′ E) that is 25 

meters deep, measures 0.4 km in length, and 0.8 km in width (Lewis et al., 2007).   

The Rainbow, Trans-Atlantic Geotravers, (TAG) and Snakepit vent sites were 

sampled along the Mid-Atlantic Ridge (MAR) a slow spreading plate boundary 

moving at rates less than 3 cm/year (Schmidt et al., 2007). The vent fluid at these three 

sites has the highest trace metal content of vent fields along the MAR (Douville et al., 

2002) and iron and sulfide data from each site are given in Table 3.1. The Rainbow 

vent site (36˚ 14’ N, 33˚ 54’ W) at 2300 m depth is comprised of serpentinised 

peridotite and contains high temperature vents (up to 365 ºC) characterized by low 

shipboard pH (2.8), high iron concentrations, and high chlorinity (Marques et al., 

2007).  The vent fluid at Rainbow is enriched in metals and organics, and is relatively 
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low in sulfide.  TAG (26˚ 8’ N, 44˚ 50’ W) at 3600 m depth (T < 365 ˚C, pH > 3.14) 

and Snakepit (23˚ 22’ N, 44˚ 57’ W) at 3500 m depth (T < 358 ˚C, pH > 3.2) are basalt 

hosted massive sulfide deposits and contain high temperature black smokers at depths 

approximately 1000 m deeper than Rainbow (Desbruyères et al., 2001) with iron 

concentrations an order of magnitude lower and sulfide concentrations approximately 

five times higher than those of Rainbow (Douville et al., 2002; Gartman et al., 2014). 

The TAG vent field is located on a large sulfide deposit approximately 50 m high and 

is located 1500 meters from the rift valley, and Snakepit is located in the rift valley 

close to the top of a volcanic ridge (Thomson et al., 1988).  

Table 3.1 Maximum iron and sulfide concentrations in vent fluid for each vent site 

Vent Site [AVS] (μM) 
unfiltered 

[CRS] (μM) 
unfiltered [Fe2+] (mM) 

Pyrite (< 0.2 μm) 
(μM)a 

Rainbow 496 1130 22.4 1.15 
Snakepit 3810 1030 3.60 0.0962 
TAG 3870 1800 5.08 0.234 
a From Gartman et al., 2014 
 

3.2 Methodology  

3.2.1 Sample Collection 

Work was done in the Chesapeake Bay on two separate cruises aboard the R/V 

Sharp on 27-30 July 2011 and 17-19 August 2012.  Samples were collected in cleaned 

Nalgene bottles from either Niskin bottles on the ship-board CTD or from Nalgene 

tubing attached to a plastic Rule Industries water pump, which was connected to a 
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cage containing an in situ micro CAT CTD sensor as well as an Analytical Instrument 

Systems in situ electrochemical analyzer.  Salinity and temperature data were 

collected from the ship’s CTD sensor.   

Field studies along the Mid-Atlantic Ridge were conducted aboard the R/V 

Knorr from 16 October until 10 November 2012. All rising plume samples at the Mid-

Atlantic Ridge were taken by the ROV Jason II using Titanium Major Samplers.  

Neutrally buoyant plume samples were obtained using Niskin bottles on the ship’s 

CTD rosette. The neutrally buoyant plume was identified using the deviation in 

percent beam transmittance from local ambient deep water, and values for this change 

were all greater than 0.3 %.   

In measuring intermediate sulfur species in environmental samples, care must be 

taken to avoid oxidation of the sample, as these species are reactive.  In the 

Chesapeake Bay, sample collection and processing was rapid (<10 minutes from when 

the sample was taken).  In order to limit oxidation, subsamples taken from Niskin 

bottles were collected with no headspace. The time from subsampling the Niskin 

bottle until the completion of sample processing was typically less than 2 minutes. 

Voltammetric measurements of sulfide conducted in situ and onboard the ship on 

subsamples from the Niskin bottles demonstrated comparable sulfide concentrations in 

the water column and in samples from the Niskin bottles, indicating that little 

oxidation of sulfide occurred in the sampling time.  The half-time of sulfide in the 

Chesapeake is approximately 30 minutes in the light (Luther et al., 1988), and sulfide 
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oxidation in the dark in anoxic conditions has been shown to be negligible (Luther et 

al., 1988; Hanson et al., 2013).  

The titanium samplers used at the MAR provide 700 mL of material, and it takes 

approximately 10 -15 seconds to fill the sampler. In this time, the current of the 

bottom waters frequently changes so that the water collected from the plume is 

temporally and spatially different and thus represents an average of fluid composition 

over the collection period. Due to the time constraints associated with deep-sea 

sampling, samples in the Titanium Major Samplers typically reached the surface 2-12 

hours after collection, and the fluid had cooled to ambient bottom water temperatures 

(2 °C) by this time.  Cooling to 2 °C would slow reaction kinetics by an order of 

magnitude or more, helping to preserve the chemical speciation in the sample.  Once 

onboard ship, sample processing for S0 analysis was rapid. Finally, our data indicated 

that further oxidation of sulfide in the Titanium Major Sampler did not occur (section 

3.4).   

3.2.2 Sulfide Measurements 

Chesapeake Bay.  

For Chesapeake Bay samples, sulfide concentrations were determined at slack 

tides using in situ voltammetry controlled by a DLK sub II In Situ Electrochemical 

Analyzer (ISEA) designed by Analytical Instrument Systems (AIS).  Gold amalgam 

working electrodes made after the method of Luther et al. (2008) were used on each 

cast along with a solid state Ag/AgCl reference electrode and a platinum counter 
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electrode. Cyclic voltammetry was run from -0.1 V to -1.8 V, and back to -1.8 V at a 

scan rate of 2 volts per second after conditioning at -0.9 V for 5 seconds then at -0.1 V 

for 2 seconds.  These electrodes are capable of measuring an array of redox active 

species including oxygen, sulfide, thiosulfate, elemental sulfur, iron, and manganese 

(Luther et al., 2008). The detection limit of this method is 0.2 μM for sulfide and 

polysulfides and 3 μM for oxygen.  

For shipboard sulfide oxidation experiments, sulfide was measured using 

voltammetry and the experimental methods that have been described in Luther et al. 

(2011) and Hanson et al. (2013).  Briefly, an electrochemical cell was set up 

containing a 100 μm gold amalgam working electrode, a Ag/AgCl reference electrode 

and a platinum counter electrode which were run using an AIS DLK-60 potentiostat.  

Cyclic voltammetric scans were run from -0.1 to -1.8 V using a method with the 

conditioning potentials of -0.9 and -0.1 V as outlined above.  Fifty mL of anoxic 

sample water spiked with 50 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) 

were added to the electrochemical cell.  DCMU was used to inhibit oxygenic 

photosynthesis.  Anoxic conditions were maintained throughout the experiments using 

a glove bag purged with ultrahigh purity argon, and light intensity was monitored with 

a LI-COR Biosciences LI-1400 data logger light meter. 

MAR 

For Mid-Atlantic Ridge samples, unfiltered concentrations of acid volatile and 

chromium reducible sulfide (AVS/CRS) were measured using the method of Fossing 
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and Jøregensen (1989) after shipboard fixation and storage.  To prepare the samples, 2 

mL of 0.5 M NaOH and 5 mL of 0.1 M zinc acetate were added to 5 mL of sample to 

fix free sulfide and FeS sulfide as ZnS. The samples were immediately frozen and 

stored at -20 ºC and thawed prior to analysis onshore.  Thawed samples were added to 

deoxygenated glass reaction vessels.  After the samples were added, five mL of 3 M 

HCl were added to liberate HS- and FeS as H2S gas.  After purging with ultra-high 

purity argon for 1.5 hours, the sulfide gas liberated was trapped as HS- in 10 mL of 

anoxic 0.1 M trace metal clean NaOH (Wu and Boyle, 1998) in a glass test tube.  The 

NaOH solution was analyzed on a hanging mercury drop electrode (HMDE) 

controlled by an AIS DLK-100a potentiostat, with sulfide monitored at a potential of -

0.6 V.  Fresh NaOH was added to new test tubes, purged, then 4 mL acidified Cr(II) 

were injected into the reaction vessels.  Cr(II) was prepared by reducing a Cr(III) 

solution on an amalgamated zinc column. After the addition of Cr(II) the mixture was 

allowed to purge and trap H2S for an hour, then the NaOH containing trapped sulfide 

was again analyzed on the HMDE.  

Although in situ voltammetry was also conducted in the rising plume at MAR 

vents, voltammetric measurements for sulfide were not conducted in the lower 

portions of the plume (< 1 m) as sulfide concentrations were too high to be measured 

with this method, and the temperature was above the thermal limit of the electrodes.  

Additionally, precipitation of metal sulfide minerals in the rising plume makes the 

measurement of AVS/CRS more appropriate for this system.  
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3.2.3 S0 Extraction Method 

Sample aliquots of 30-50 mL were filtered through a 0.2 µm Millipore GTTP 

filter and the filtrate was extracted shipboard in 5 mL of toluene for 1.5 hours.  The 

extraction was performed by adding the filtered sample water and toluene to glass 

separatory funnels, which were shaken every half hour. For samples with pH > 4, 15 

μL concentrated HCl were added and the sample was shaken prior to the extraction in 

order to release any sulfide as H2S.  The toluene layer was saved and stored in a glass 

test tube at -10˚C for later analysis.  Filters were also stored in glass test tubes and 

frozen for later extraction and analysis onshore. Elemental sulfur was quantified on a 

HPLC C-18 column using 98 % methanol 2 % water as the eluent (Yücel et al., 2010), 

and the eluent was sparged with helium gas during the analysis.  The pump speed was 

set to 1 mL/minute, the detector set at 264 nm, and the retention time for elemental 

sulfur was approximately eight minutes.  Standard curves encompassed the 

concentrations observed in samples and were made using commercially available 

orthorhombic S8 dissolved in toluene.  The detection limit for this method is 0.1 µM. 

A study by Janssen et al. (1999) indicates that microbially produced S0 is not 

quantitatively extracted in organic solvents; however their study did not test extraction 

in toluene. Sulfur mass balance tests conducted in our laboratory using the Chesapeake 

Bay isolate demonstrate that we can account for over 85 % of sulfur formed from 

added sulfide utilizing our extraction method. Some of the missing sulfide is likely 

still in bacterial cells as S0 or other oxidized intermediates.  This gives us confidence 

that we are recovering S0 nearly quantitatively. 
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Previous studies in porewaters and laboratory solutions have measured 

elemental sulfur using the voltammetric technique employed for sulfide measurements 

in our study (Rozan et al., 2000; Boyd and Druschel 2013). In those studies an 

additional peak attributed to elemental sulfur was measureable. Although we detected 

S0 as S8 in discrete samples using HPLC, we did not observe a signal associated with 

elemental sulfur using voltammetry in either the Chesapeake Bay or at the MAR.  We 

attribute this difference to the sampling difference between discrete sampling and in 

situ measurements. Both of these field systems are undergoing dynamic mixing 

processes and voltammetry measures a very small sample volume relative to discrete 

samples. We note that one voltammetric scan is complete in < 2 seconds and is a 

snapshot measurement at a 100 m diameter electrode relative to the discrete titanium 

(700 mL), or Niskin samplers (10 L), which provide an average sample in time and 

space.  

3.2.4 Anoxygenic Phototrophic Sulfide Oxidizing Bacteria 

A strain of phototrophic sulfide oxidizing bacteria was enriched from the 

Chesapeake Bay in 2011 from samples taken at, and directly below, the suboxic zone.  

Enrichments were started by injecting 1 mL of Chesapeake Bay water into 20 mL 

septum vials containing anoxic media with bicarbonate as the carbon source at a 

concentration of 17.9 mM, and a sulfide concentration of 2.5 mM (Widdel et al., 

1983).  The vials were incubated under ambient conditions bench top, and once 

growth was observed, cultures were enriched through subsequent dilutions in media. 
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Once enriched, laboratory cultures of the Chesapeake Bay strain were grown from a 

starter culture at 25˚C for 48 hours under 20 μEi m-2 s-1 light flux from full spectrum 

incandescent bulbs in order to maintain fresh culture stock.     

3.2.5 Imaging 

Scanning electron microscopy (SEM) was conducted on a Hitachi S-4700 

located in the Delaware Biotechnical Institute in Newark, DE using Inca analysis 

software.  For MAR samples, filters were prepared for SEM imaging by filtration 

through a 0.2 µm Nuclepore filter.  The filters were dried under a stream of argon gas, 

then were attached to aluminum stubs with carbon paint and stored in petri dishes.  

Prior to analysis on the SEM, both the filters and stubs were carbon coated.   

Images of bacteria and elemental sulfur particles were taken using a cryo attachment 

to the SEM.  Sample aliquots of 0.5 mL were taken from growing cultures and from 

sulfide oxidation experiments, vacuum filtered through a 0.2 μm GTTP filter, and 

washed in HEPES buffer (1 M, pH 7.4). These filters were dried and mounted on an 

aluminum stub before being frozen in liquid nitrogen.  Once frozen, the samples were 

kept in a vacuum and were coated in a gold-palladium coating.  The temperature was 

maintained at -120 ˚C using liquid nitrogen throughout the analysis.  

For both sets of samples, micrographs were taken using the Ultra-High resolution 

mode at 3 kV and 25 μA.  Analysis with an energy dispersive x-ray spectrometer 

(EDS) and elemental mapping of sulfur were done under Analysis mode, at 15 kV and 

25 μA. 
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3.2.6 Magnesium Measurements 

Magnesium concentrations are used as a proxy for the degree to which the hot 

vent fluid has mixed with seawater.  During sampling, a separate temperature sensor 

provided by the ROV Jason II is placed next to the sampling nozzle of the Major 

Sampler, but movement of the plume due to physical forcing, and visual impairment 

as a result of particulates mean that the measurement is not precise. Mg values provide 

a more accurate description of the mixing process because end-member vent water 

magnesium concentrations are 0 (see section 3.4 for further discussion).  

Magnesium was measured in MAR samples using a Thermo Electron Corporation 

Finnigan Element XR Inductively Coupled Plasma Mass Spectrometer (ICP-MS) at 

low resolution.  Prior to analysis, samples that had been acidified in nitric acid and 

frozen shipboard were diluted 100 times in a solution of 5.2 nM iridium in 2 % 

Ultrex® trace metal clean nitric acid.  Preparation of dilutions and analysis with the 

mass spectrophotometer were conducted in a class 1000 clean room. Dilutions were 

made with 18megohm water (Barnstead) and Ultrex® nitric acid. 
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3.3 Results and Discussion 

3.3.1 Chesapeake Bay 

3.3.1.1 Characteristics of S0 in the Chesapeake Bay 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Profile of temperature and salinity measured with the ship CTD, and of 
oxygen and sulfide measured using in situ voltammetry for (a) 2011 and 
(b) 2012.  In 2011 a sharp thermocline and halocline are present between 5 
and 8 meters, corresponding to the chemocline.  In 2012 the water column 
was more homogenous, and no clear physical or chemical interface was 
present.  

 

 

(a) 
(b) 
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2011. In 2011, the study site was clearly stratified with a strong thermocline 

and coincident chemocline.  The top layer remained oxic, to about 8 meters depth and 

sulfide increased steadily with depth (Figure 3.1a).  Although the in situ profile system 

was not utilized for the deepest waters (up to 25 m depth) measurements from discrete 

bottle samples confirmed the presence of sulfide up to 90 μM at those depths. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Water column concentrations and distributions of elemental sulfur in (a) 
2011 and (b) 2012.  In 2011 elemental sulfur concentrations peaked 
directly below the suboxic zone at 8 m.  In 2012 elemental sulfur was 
present despite no detectable sulfide being present in the water column.  

 

(a) (b) 
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 Figure 3.2a shows a representative profile of elemental sulfur, with a peak in 

concentration directly below the oxic/anoxic interface. For all samples taken in 2011, 

elemental sulfur concentrations ranged from below the detection limit of 0.1 μM to 

about 6 µM. Particulate elemental sulfur peaked at the base of the suboxic zone, 

followed by a peak in nanoparticulate elemental sulfur.  On average, nanoparticulate 

elemental sulfur is 60% of the total sulfur pool, but at its maximum concentration 

nanoparticulate elemental sulfur constituted up to 90 % of the total elemental sulfur 

pool.  Nanoparticulate elemental sulfur remained the dominant size fraction at depth.  

2012. In contrast to 2011, the water column in 2012 was more homogenously 

mixed and oxygen penetrated deeper into the water column, with a suboxic zone 

present below 22 m. No sulfide was detected in 2012 measurements (Figure 3.1b).   

  A representative profile of elemental sulfur distributions from 2012 is shown in 

Figure 3.2b.  The water column of the Bay did not have clear oxic and anoxic zones, 

was without a sharp thermocline, (Figure 3.1b) and sulfide was not detected.  

Concentrations of elemental sulfur ranged from below detection to 1.7 µM.  The 

nanoparticulate fraction composed a smaller percentage of total sulfur with an average 

for all samples of 20 %.  Sulfide was not detected in the water column, and there are 

several potential sources for the observed sulfur. One possibility is that this sulfur is 

left over from the recent turn over of euxinia.  The Maryland Department of Natural 

Resources reported that much of the bay was oxic in 2012, and their data show a very 

limited hypoxic zone in the weeks before we sampled.  Additionally, the extent to 

which the water column was oxygenated during our sampling makes it unlikely that 
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the site was sulfidic immediately preceding our visit. A more likely hypothesis is that 

the sulfur comes from the abiotic oxidation of sulfide released during organic matter 

decomposition, as sulfide is an important component of proteins and enzymes such as 

ferredoxins, cysteine, and methionine in planktonic organisms, which typically contain 

about 1% sulfur by weight (Jørgensen, 1982). The lower percentage of nanoparticulate 

sulfur could have occurred as a strong chemocline was not present in 2012, and the 

lack of a chemical interface and reducing zone could result in the formation of larger 

particles.  Dynamic biological and chemical redox cycling at the chemical interface in 

2011, with oxidation occurring as sulfide fluxes up and reduction of elemental sulfur 

as it sinks would likely result in smaller particle size.  

The presence of nanoparticulate elemental sulfur at depth in the Chesapeake 

during 2011 is significant for several reasons.  Zerovalent sulfur can act as a chemical 

oxidant and reductant in the anoxic zone, can complex metals such as copper and 

mercury (Wang and Tessier, 2009), and may be important in organic matter 

sulfurization (Gun et al., 2000). In addition, elemental sulfur is important biologically.  

Some phototrophic sulfur bacteria and chemoautotrophic bacteria utilize it as a 

substrate. Sulfur reduction is an important metabolism in proteobacteria such as 

Desulfurella acetivorans (Widdel and Pfennig, 1982), Sulfurospirillum arcachonense 

(Finster et al., 1998), and Shewanella putrefaciens (Moser and Nealson, 1996), and 

elemental sulfur reduction is widespread in archaea (Canfield, 2005).  In some 

phototrophic sulfide oxidizers, such as Chlorobaculum tepidum, elemental sulfur is 

used as an electron donor in the absence of sulfide (Chan et al., 2008).  At sulfide 
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concentrations less than 1 mM, elemental sulfur disproportionation is 

thermodynamically favorable (Canfield, 2005) and bacteria utilizing this metabolism 

are known (Thamdrup et al., 1993; Finster et al., 1998).  Recently, zerovalent sulfur 

was found to be a key intermediate in anaerobic methane oxidation coupled to sulfate 

reduction by archaea as deltaproteobacteria associated with the methane oxidizing 

archaea were found to disproportionate the S0 (Milucka et al., 2012).   

3.3.1.2 Polysulfide Equilibria 

Calculations 

 The solubility of elemental sulfur increases in the presence of sulfide at neutral 

and alkaline pH due to the formation of soluble polysulfides (Giggenbach, 1973; 

Kamyshny et al., 2004; Kleinjan et al., 2005).  Expected polysulfide concentrations 

were calculated for both the Chesapeake Bay and Mid-Atlantic Ridge (see section 

3.4.2) using the thermodynamic values of Kamyshny et al. (2007).  Concentrations of 

polysulfides for chain length x= 2-8 were calculated using equation 1 and summed for 

the total expected polysulfide concentration.   

(1) [Sx
2-] =  

For equation 1, R = 0.00831 (kJ/molK), T is the temperature in Kelvin (K), and ΔG is 

the Gibb’s energy of formation (kJ/mol) determined by Kamyshny et al. (2007).  The 

individual parameters for [H2S], T and [H+] used were those measured at each field 

site.   

e-ΔG/RT [H2S] 
      [H+] 
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 Polysulfides are measureable using the voltammetric method described earlier 

(Luther et al., 2001), but were not detected during in situ profiling.  Polysulfide 

concentrations below the chemical interface were calculated using the thermodynamic 

values of Kamyshny et al. (2007) assuming saturation with respect to elemental sulfur.  

For the deepest part of Chesapeake Bay, polysulfide concentrations are calculated to 

be less than one percent of the sub 0.2 µm fraction of elemental sulfur and with values 

not exceeding 2 nM, which is below the detection limit of the method used (0.2 μM).  

3.3.1.3 Sulfide Oxidation and Formation of Elemental Sulfur 

Elemental sulfur in the Chesapeake is likely formed from a combination of abiotic 

oxidation and biological oxidation of sulfide.  Chemical oxidation of sulfide to S0 

could occur via a two electron oxidation by iron and manganese oxides (equations 2 

and 3).   

(2) 2 FeOOH + HS- + 5 H+  2 Fe2+ + S0 +4 H2O 
 

(3) MnO2 + H2S + 2 H+ Mn2+ + S0 + 2 H2O 

The formed S0 reacts with sulfide to form polysulfides and as more S0 forms from 

oxidation of sulfide, the polysulfide chain increases until S9
2- forms, then decomposes 

to S8 and HS- (Hoffman, 1977; Luther, 1990).  In addition, when metal concentrations 

are high, metals react with polysulfide to form MS species and S8 (Chadwell et al., 

2001). Oxidation by manganese oxides is expected to be the dominant chemical 

process as manganese is a stronger oxidant than Fe(III) for sulfide (Luther, 1990) and 

reacts with sulfide more rapidly than Fe(III) does (Yao and Millero, 1993; Yao and 
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Millero, 1996).  Additionally, in the Chesapeake Bay, total manganese is present at 

higher concentrations than total iron.  In 2011, Fe3+ was present at concentrations up 

to 1 µM, Fe2+ concentrations were up to 2.74 µM, and total iron did not exceed 3.6 

µM. In the same year, manganese oxide concentrations at the chemical interface were 

up to 3 µM, peaking directly above the elemental sulfur maximum, and soluble 

manganese concentrations were up to 4 µM.  In considering these concentrations, it is 

important to note the stoichiometry of the oxidation of sulfide by iron or manganese.  

Two moles ferric iron are required to convert one mole sulfide to sulfur, while only 

one mole of Mn4+ is required for the same conversion, as illustrated in equations 3 and 

4.  Oxidized manganese has been shown to be the major oxidant in similar systems 

such as the Black Sea (Konovalov et al., 2003). Due to the higher concentrations and 

faster kinetics than for iron, manganese oxides are likely the dominant chemical 

oxidant for sulfide in the Chesapeake Bay.   

In addition to abiotic processes, sulfide oxidation experiments conducted in the 

Chesapeake Bay in 1987 (Luther et al., 1988) and in 2012 show significant differences 

in sulfide oxidation rates between light and (0.96 µM/min) and dark (0.030 µM/min) 

conditions, and upon addition of formaldehyde (0.24 µM/min), (Figure 3.3; Hanson et 

al., 2013) indicating a photobiological influence on sulfide oxidation.  The 2012 

experiments were conducted in anoxic water samples, and anaerobic conditions were 

maintained through the use of a glovebag purged with ultra-high purity argon gas. 

That light dependent sulfide oxidation was observed in two different studies indicates 

that it is a common component of the sulfur cycle in the Chesapeake Bay (Hanson et 
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al., 2013) and suggests that biotic processes may dominate sulfide oxidation and 

subsequent elemental sulfur formation in the Chesapeake Bay.   

 

 

 

Figure 3.3 Comparison of in situ sulfide loss in the dark (black circles) and in the light 
(crosses).  Small increases in light intensity (from 0-2 µEi) result in 
significant changes in the rate of sulfide loss.  
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The hypothesis that biological sulfide oxidation occurs in the Chesapeake Bay 

is supported by the cultures of phototrophic sulfide oxidizing bacteria enriched from 

the suboxic zone in 2011.  The bacteria appear to be a strain of green sulfur bacteria 

(Chlorobi) that are brown in colour and are well adapted to low light environments 

(Hanson et al., 2013). These bacteria are shown to produce elemental sulfur as a 

product of sulfide oxidation.  Upon completion of sulfide oxidation in experiments in 

which 100 μM sulfide was added to cultures in log phase growth, up to 60 μM S0 were 

measured.  Figure 3.4 shows SEM data of elemental sulfur produced by bacteria 

growing in culture on sulfide.  The average size of the particles shown in the image is 

50 ± 22 nm.  SEM images from other portions of the filter show variations in particle 

sizes from 32-4700 nm, and many of the larger particles (> 1000 nm) appear to be 

composed of aggregated smaller particles (< 200 nm).  Overall, half of the particles on 

the filters were smaller than 500 nm, and particles associated with bacteria were truly 

nanoparticulate (30-100 nm). Sulfur produced by different strains of bacteria has been 

shown to have different properties (Frigaard and Dahl, 2008); however as some 

biologically produced sulfur has shown to be resistant to aggregation (Kleinjan et al., 

2003), we cannot rule out the possibility that the aggregation and growth observed on 

these filters may be at least partially induced by the preparatory procedure for the 

SEM.   
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Figure 3.4 (a) Image of bacterium and elemental sulfur particles.  The bacterium is of 
the strain isolated from the Chesapeake Bay and was grown in culture on 
sulfide for 18 hours.  (b) Elemental sulfur nanoparticles produced by 
bacteria during kinetic experiments. Elemental sulfur was confirmed 
through EDS elemental mapping.  

 
 

Due to the small size of the S8 particles produced by Chesapeake Bay cultures, 

we hypothesize that the formation of nano-sulfur in the Chesapeake may be 

predominately biological, particularly in years when it is chemically stratified and 

sulfide is present in the water column.  Inorganic sulfur is hydrophobic and aggregates 

quickly in aqueous solution; however, biologically produced elemental sulfur can have 

an organic coating or a hydrophilic surface, which stabilizes the nanoparticles to 

aggregation and growth processes (Kleinjan et al., 2003).  Although the particle size of 

abiotically produced sulfur may initially be nanoparticulate it is expected to increase 

(a) (b) 
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quickly in saline water (Steudel, 1996).  Biologically produced sulfur may persist at 

small sizes due to its stability with respect to growth and aggregation.  Additionally, in 

sulfidic solutions, biologically produced sulfur is less likely to react to form 

polysulfides than abiotically produced sulfur (Kleinjan et al., 2005a).  The elemental 

sulfur observed in Chesapeake Bay could have a different reactivity with respect to 

forming polysulfides because at least some fraction of the elemental sulfur is produced 

biologically.  

The relative importance of abiotic and biotic processes on the formation of 

elemental sulfur can differ depending upon the environment (Jorgensen et al., 1979; Li 

et al., 2008) and also can vary seasonally.  In a stratified lake, chemical sulfide 

oxidation dominated in the fall and phototrophic oxidation in the spring and summer 

(Zerkel et al., 2012).  This change is important as elemental sulfur produced by abiotic 

and biotic pathways differs in crystal structure, reactivity, and bioavailability 

(Kleinjan et al., 2003; Kleinjan et al., 2005a; Kleinjan et al., 2005b; Franz et al., 

2007).  

3.3.1.4 Comparison with Previously Reported Sulfur in Water Column 

Studies  

To date only two studies have reported nanoparticulate (< 0.2 µm) elemental 

sulfur in environmental samples (Li et al., 2008 and Zerkle et al., 2010).  Zerkle et al. 

(2010) measured the size distribution of elemental sulfur and found larger particles (> 

0.45 µm) at the interface and smaller particles (< 0.2 µm) at depth.  This distribution 
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of elemental sulfur is similar to the data we present from the Chesapeake Bay in 2011.  

Li et al. (2008) observed a S0 maximum at the chemical interface in the Cariaco Basin 

that was correlated to chemoautotrophic production, highlighting the potential for S0 

to be an energy source for microorganisms.    

Particulate elemental sulfur concentrations and distributions have been 

reported in previous water column studies.  Elemental sulfur concentrations up to 5 

µM have been observed in the deep waters of stratified seawater lakes, with as much 

as 70 % passing through a 1.2 µm filter (Kamyshny et al., 2011).  In a meromictic 

freshwater lake with sulfide levels up to 1.8 mM elemental sulfur concentrations have 

been found as high as 40 µM, with up to 87 % passing through a 0.2 µm filter at depth 

(Zerkle et al., 2010).  In marine systems such as the Black Sea total elemental sulfur is 

present at peak concentrations of 60 to 200 nM (Luther et al., 1991; Jorgensen et al., 

1991), and in the Cariaco Basin, studies have measured particulate sulfur at 

concentrations peaking at approximately 0.4 µM (Hastings and Emerson, 1988) and 

up to 1.22 µM (Li et al., 2008).  In the permanently stratified sea Lake Rogoznicka, 

Ciglenečki et al. (1996) report up to 140 µM sulfur in the anoxic waters. In the 

Mariager Fjord, Zopfi et al. (2001) report zero-valent sulfur peaking at the chemocline 

at 17.8 µM.  The highest concentrations of total elemental sulfur reported here for the 

Chesapeake Bay (6 µM) fall into the range that has been reported in similar 

environments (60 nM- 40 µM).   
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3.3.2 Hydrothermal Vents Along the Mid-Atlantic Ridge 

3.3.2.1 Characteristics of S0 in Buoyant Plumes 

All samples were taken from within the first meter and a half of the buoyant 

plume. The concentration of magnesium in the samples is used as a proxy measure for 

the extent of mixing with ambient seawater in the rising plume.  End-member vent 

fluid has a Mg concentration of 0 mM (Edmond et al., 1982), and end-member 

seawater has a Mg concentration of 53 mM.  With the magnesium concentrations in 

the samples, it is then possible to calculate the percentage of seawater that has been 

entrained in the vent fluid as the plume rises.  The Mg concentration and percentage of 

seawater mixing for each sample are given in Table 3.3. 

Figure 3.5 Size fractionation of elemental sulfur in the TAG, Snakepit, and Rainbow 
buoyant plumes as the vent water mixes with seawater. AVS 
concentrations are form the unfiltered portion. 
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Figure 3.5 shows the distribution of elemental sulfur between the particulate (> 

0.2 μm) and nanoparticulate (< 0.2 μm) fractions in the buoyant plumes of the three 

vent sites sampled along the MAR.  Nanoparticulate S8 was present at all three vent 

sites and comprises a significant fraction of the total elemental sulfur pool at each of 

the three vent sites.  The percentage of total elemental sulfur that is nanoparticulate 

ranges from below detection up to 44 % at Rainbow, between 15-43 % at Snakepit, 

and between 8-28 % at TAG.  

Snakepit had the highest percentage of S0 /unfiltered AVS at 5 %. TAG had the 

highest concentration of total elemental sulfur measured (33.0 µM), and Rainbow had 

the highest concentration of nanoparticulate elemental sulfur (12.0 µM) measured for 

any of the vents. The Rainbow vent site had concentrations of sulfide an order of 

magnitude lower, and concentrations of iron an order of magnitude higher than the 

other two vent sites (Table 3.1; Douville et al., 2002; Gartman et al., 2014).  Due to 

the excess iron, oxidation of S0, or scavenging of S0 particles by iron oxides may be an 

important removal processes at this vent site.  

3.3.2.2 Polysulfide Equilibria 

Polysulfides were not detected at any of the sample locations in the rising plume 

using in situ voltammetry with a detection limit of 0.2 µM. Polysulfide calculations 

(section 3.3.1.2) for vent fluid samples under 100 ˚C give concentrations that are 

lower than the detection limit of the voltammetric method used (Table 3.2).   
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Table 3.2 Measured parameters and polysulfide concentrations calculated based on 
equilibrium assumptions for the rising plumes at MAR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

a Calculated based upon magnesium values (Table 3.3) 
b Calculated using the thermodynamic values in Kamyshny et al. (2007) 

 

The electrodes used in this study are rated only up to 100 º C, so no measurement for 

polysulfides was obtained for higher temperatures. Polysulfides are metastable at 

temperatures under 150 ˚C, but at temperatures above 150 ˚C, polysulfides degrade to 

form sulfite or thiosulfate (Giggenbach, 1973).  Although no polysulfides were 

detected in the anoxic portion of the plume from which both samples were taken and 

voltammetric measurements were made, trace quantities of polysulfides were observed 

higher up in the rising plume, above the range in which discrete samples were taken. 

These polysulfides were detected in waters in which both oxygen and sulfide were 

present, demonstrating that polysulfides do occur as an intermediate of sulfide 

Vent 
% mixing 

with 
seawatera 

T (˚C) pH 
Unfiltered 

[AVS] (µM) 
[S0] <0.2 
µm (µM) 

 [S0
Total] 

(µM) 

Calculated 
polysulfide 

(µM)b 

TAG 61 247 5.53 120.2 1.03 12.5 30.7 
  78 93.2 5.07 689.4 9.56 33.0 0.0849 
  87 37.6 6.77 30.97 0.683 6.50 3.65x 10-3 
              

Snakepit 66 170 5.64 403.3 4.65 10.7 8.64 
  77 35 6.30 27.76 3.76 23.7 8.89x10-4 
              

Rainbow 8.1 230 3.37 163.5 12.0 27.1 0.167 
  17 80 5.43 105.5 < 0.1 15.9 0.0130 
  72 31.8 7.71 101.6 0.342 11.0 0.0635 
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oxidation.  Polysulfides could then react quickly with Fe2+ via equation 4 to form FeS 

and elemental sulfur (Luther, 1991).   

(4) Fe2+ + S9
2-  FeS + S8 

This reaction is significant as polysulfides, FeS (Luther, 1991; Rickard and Luther, 

1997), and elemental sulfur (Berner, 1970; Wilkin and Barnes, 1996) are all precursors 

to pyrite formation. The formation of pyrite at hydrothermal vents represents a 

mechanism for the transport of stable, reduced iron from hydrothermal vents to the 

greater ocean (Yücel et al., 2011; Gartman, 2014). Any additional nanoparticulate 

pyrite that may be formed in the rising plume would also be important as a potential 

transport mechanism. 

3.3.2.3 Sulfide Oxidation and Formation of Elemental Sulfur  

As oxygen is entrained in the plume as a result of seawater mixing, elemental 

sulfur production in the plume is due mainly to sulfide oxidation via an iron catalytic 

cycle (Ma et al., 2006).  Iron is considered the primary oxidant due to thermodynamic 

and kinetic inhibition of the direct reaction of sulfide with oxygen (Luther et al., 

2011).  Neither manganese oxidation of sulfide nor a Mn catalytic cycle will occur in 

the plume as the chemical oxidation of aqueous Mn2+ does not occur below pH 9 

(Stumm and Morgan, 1996; Luther, 2010), and the shipboard pH of all samples was 

less than 8.  In the Fe catalytic cycle, oxygen entrained in the plume would oxidize the 

reduced iron present rapidly via the reaction represented by equation 5 (Rudnicki and 
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Elderfield, 1993; Yao and Millero, 1996).  The oxidized iron would then be reduced 

by sulfide, forming elemental sulfur in the process (equation 6) (Ma et al., 2006).  

(5) 4 Fe2+ + O2 + 4 H+ 4 Fe3+ +2 H2O 

(6) 2 Fe3+ + H2S  2 Fe2+ + S0 + 2 H+ 

The rates of these abiotic processes are expected to be fast and to preclude microbial 

sulfide oxidation in the first meters of the buoyant plume (Winn et al., 1986).  

Previous measurements of the halflife of Fe2+ within the first 150 m of the TAG plume 

are approximately two minutes (Rudnicki and Elderfield, 1993).  In our study oxygen 

was not detectable in situ within the first 1.5 meters of the plume, although 

calculations predict that oxygen should be present at concentrations of tens of 

micomolar based on the extent of mixing of vent fluid and seawater (Table 3.3).  This 

indicates that entrained oxygen is consumed nearly immediately upon contact with the 

hydrothermal fluid, and is consistent with the kinetics of iron oxidation by oxygen 

(Millero et al., 1987).  

We can predict the concentration of elemental sulfur that could form in the 

plume via the iron catalytic cycle in each of our samples (Table 3.3) using equations 5 

and 6 and the known O2 concentration of end-member seawater.  We measured 270 

μM oxygen in ambient deep waters with our in situ voltammetry system.  With this 

value for end-member seawater, assuming end-member vent fluid to be anoxic ([O2] = 

0), and using the percentage of seawater mixing derived from Mg values, we can 

calculate the concentration of oxygen expected to have been entrained into the plume 
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as it rises. The predicted values of elemental sulfur assume that oxygen, iron and 

sulfide all react quantitatively.   

Table 3.3 Calculated concentrations of elemental sulfur potentially formed in the 
rising plume as a result of an iron catalytic cycle.  

 

Site 
[Mg] 
(mM) 

% mixing 
with 

seawater a 

Predicted 
[O2] 

(μM)b 

Predicted 
[Fe3+](μM)c

Predicted 
[S0] (μM)c 

Measured 
[S0

Total] 
(μM)d 

TAG 32.1 61 161 642 321 12.5 
  41.2 78 206 824 412 33.0 
  45.9 87 229 917 459 6.50 

              

Snakepit 35.2 66 175 703 352 10.7 
  41.0 77 204 819 410 23.7 

              

Rainbow 4.31 8.1 21.6 86.2 43.1 27.1 
  9.12 17 45.6 182 91.2 15.9 
  38.4 72 192 768 384 11.0 

a Calculated based upon magnesium values  
b Calculated from equation 5 
c Calculated from equation 6 
d Measured in this study 
 
 
 In all of the samples the iron catalytic cycle can account for all of the S0 

observed, and our calculations predict more total S0 than is measured.  There are 

several possible explanations for why there is less S0 measured than calculated. First, 

the calculation assumes that all oxygen reacts with iron, and that in turn, all iron reacts 

with sulfide.  In reality these processes are likely not quantitative as both oxygen and 

iron can react with other species within the plume.  Hydrolysis of elemental sulfur can 

occur at high temperatures (Ellis and Giggenbach, 1971); however it is improbable 
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that hydrolysis occurs in the rising plume as the hotter samples contain higher 

concentrations of S0 at TAG and Rainbow than the coolest samples with highest Mg. 

Oxidation of elemental sulfur is also an unlikely removal processes as the reduced iron 

and sulfide present in the first meter of the plume will react with O2 much more 

rapidly.  Additionally, aggregation and precipitation from solution are not likely due to 

the rapid focused flow near the orifice. S0 can react with FeS to form pyrite via 

equation 7 (Berner, 1970; Wilkin and Barnes, 1996). This reaction occurs under 

hydrothermal conditions, although slowly (Gartman and Luther, 2013), and at the in 

situ pH and sulfide concentrations, the reaction of H2S and FeS likely dominates pyrite 

formation (Rickard and Luther, 1997). Both nanoparticulate and particulate pyrite 

have been measured in the buoyant plumes at all three vent sites (Gartman et al., 

2014).  

(7) FeS + S0  FeS2 

Furthermore, the calculations are based on a single point within the plume, while the 

measured sulfur concentrations reflect processes occurring throughout the plume up to 

the point at which the sample was taken.   

In addition to the iron catalytic cycle, elemental sulfur may have come from 

the vent itself.  The hypothesis that elemental sulfur could come from the chimney 

wall or from inside the vent is supported by the presence of elemental sulfur particles 

in samples taken from within the vent orifice, shown in Figure 3.6a.  Elemental sulfur 

particles of approximately 5 and 7 μm were found via SEM analysis of 0.2 μm filters 
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from the TAG vent fluid (Figure 3.6a) and buoyant plume (Figure 3.6b).  The 5 μm 

particles found in the vent fluid sample appear to be aggregates of smaller micron-

sized particles, whereas the particles found higher in the rising plume are larger 

discrete particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 SEM images of elemental sulfur on 0.2 µm filters from (a) the TAG orifice 
and (b) the TAG plume with 66 % mixing with seawater. The 
corresponding EDS maps show the concentration of sulfur in the particles.  
The differences in contrast between the elemental maps are due to the 
duration in time of data collection.  

 

(b) 

(a) 
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Irrespective of the source or formation process, the presence of elemental 

sulfur within the plume, particularly with increasing distance from the vent orifice, is 

significant as it may be an important source of energy to microbes.  Elemental sulfur 

was not detected in neutrally buoyant plume samples, which were taken approximately 

400 meters above the vent orifices, and above the first few meters of the rising plume, 

microbial metabolism may be an important removal process for elemental sulfur. 

According to a model by McCollom (2000) describing energy available from minerals 

evolving from vents, elemental sulfur is predicted to be the largest source of energy, 

regardless of whether particles settle around the vent or are transported from the site.  

In this model, a parcel of vent fluid with an initial concentration of 7.3 mM sulfide 

(approximately 125 % of our maximum sulfide concentration measured; Table 3.1) 

would form 4 mM S0 over its lifetime as it rises and moves from the orifice.  This S0 

in turn would provide 610 calories/kg vent fluid in energy and could result in 17 mg 

dry weight biomass per kilogram of vent fluid, assuming 100 % efficiency in the 

conversion of energy to biomass. In this scenario as stated in the model, S0 would 

provide 43 % of the total energy available from minerals in the plume.   

3.3.2.4 Comparison with Previously Reported Sulfur in Hydrothermal 
Plumes 

Elemental sulfur has not been extensively studied in hydrothermal vent 

plumes, and to the best of our knowledge, the results presented here are the first study 
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of inorganic S0 distribution and particle size in the first meter of buoyant hydrothermal 

plumes.   

A model by Klevenz et al (2011) finds that elemental sulfur should not form at 

seawater mixing ratios less than 5 %.  They show SEM micrographs of a magnesium 

iron silicate mineral with elemental sulfur droplets attached, and found sulfur droplets 

associated with talc in samples with 5 and 12 % seawater mixing.  As the plume rises 

further and a greater proportion of seawater and oxygen are mixed in, more elemental 

sulfur could form from further oxidation of sulfide, and sulfur from additional sources 

may be entrained.  For example, sulfur rich organic matter has been observed in the 

buoyant plume at East Pacific Rise (EPR), following an eruption (Haymon et al., 

1993) and in non-buoyant plumes at EPR (Taylor and Wirsen, 1997) and Juan de Fuca 

(Feely et al., 1994).  Feely et al. (1994) hypothesized that sulfur rich material was 

from bacterial detritus suspended in the water column as a result of volcanic eruptions.  

More recent results of sulfur rich organic matter in the non-buoyant plume at the EPR 

more than 1.5 years after an eruption are suggestive of either suspension of biomass 

located near the vents, or of water column production, such as chemosynthetic sulfide 

oxidation (Breier et al., 2012).   

3.3.3 Comparison of the Chesapeake Bay and MAR 

The Chesapeake Bay and the buoyant hydrothermal vent plumes studied along 

the Mid Atlantic Ridge differ in pH, temperature, trace metal content, and sulfide 

concentration. In the vent fluid at MAR, sulfide (measured as AVS) is up to two 
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orders of magnitude higher than the highest concentration observed in the Chesapeake 

Bay (90 µM). Furthermore, sulfide oxidation occurs by different processes: in the 

Chesapeake Bay oxidation takes place via both the reaction of sulfide with manganese 

oxides and the activity of sulfide oxidizing bacteria.  In contrast, sulfide oxidation in 

the first meter of rising hydrothermal plumes is likely strictly abiotic by iron oxides as 

part of an iron catalytic cycle. In addition to differences between the two systems, it is 

also important to note that variations exist within each system.  Between 2011 and 

2012 the water column of the Chesapeake changed from stratified and sulfidic to a 

more mixed and oxygenated system, and the fluid chemistry of the three vent sites 

studied along the MAR varied with respect to their sulfide and trace metal 

concentrations.  

Despite these differences, these systems share an important similarity: in each, 

a dynamic sulfur cycle is present along a redox gradient. Moreover, nanoparticulate 

elemental sulfur comprised a significant fraction of total sulfur in each of these 

systems.  In the Chesapeake Bay in 2011 nanoparticulate S0 was up to 90 % of total 

sulfur, in 2012 it was up to 20 %, and at the MAR, it was up to 44 % of total sulfur in 

the first meter of the rising plumes. The presence of nanoparticulate elemental sulfur 

in these environments suggests that it may be a more common component of sulfidic 

systems than has previously been considered.  This is particularly important as 

different oxidation processes dominate in each of these environments, demonstrating 

that size fractionated elemental sulfur is formed via both abiotic and biotic processes.   
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3.4 Conclusions 

Nanoparticulate elemental sulfur is shown to be a significant component of two 

different sulfidic marine systems: the Chesapeake Bay and the first meter of buoyant 

hydrothermal vent plumes along the Mid-Atlantic Ridge.  

The Chesapeake Bay varies in degree of water column stratification between 

2011 and 2012.  In 2011 elemental sulfur present below the suboxic zone was 

predominately nanoparticulate, with concentrations up to 6 μM (up to 90 % of total 

sulfur).  In 2012 free sulfide was undetectable in the water column; however, 

elemental sulfur was still present, and nanoparticulate sulfur was observed up to 1.7 

μM.  Anoxygenic phototrophic sulfur bacteria isolated from the Chesapeake Bay are 

shown to produce nano-S0 as a product of sulfide oxidation, and biological formation 

of elemental sulfur may be an important process in affecting its particle size and 

distribution in this environment.  At the Mid-Atlantic Ridge, nanoparticulate sulfur 

concentrations up to 12 μM (up to 44 % of total sulfur) were observed in the first 

meter of the rising plume and nano-S0 decreased as a fraction of the total sulfur pool 

as seawater mixes with the vent fluid.  The dominant pathway for elemental sulfur 

formation in the first meter of the plume is likely abiotic sulfide oxidation via an iron 

catalytic cycle, in contrast to the Chesapeake Bay, which is both a chemically (by 

manganese oxides) and biologically controlled system with respect to sulfide 

oxidation.   

 Polysulfides were not detected for samples at either site using in situ methods 

with a 0.2 µM detection limit, and any polysulfides that formed probably converted 
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quickly to S8 or to FeS2.  This is corroborated at MAR by the detection of polysulfides 

at lower temperature, more oxic sites within the rising plume. The presence of 

nanoparticulate elemental sulfur in each of these environments is significant as it is 

more likely to be chemically reactive compared to bulk S8, as well as being a more 

accessible energy source for microbes than larger particles.  
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Chapter 4 

LIGHT DEPENDENT SULFIDE OXIDATION IN THE WATER COLUMN OF 
A STRATIFIED ESTUARY 

 

Abstract 

 Sulfide oxidation is an important ecosystem process as reduced sulfur 

compounds negatively impact water quality, and numerous studies indicate that it is 

typically microbially mediated. Field studies were conducted during the summers of 

2011- 2014 in the Chesapeake Bay, USA during which the redox chemistry of the 

stratified water column was characterized. In 2011 and 2013, phototrophic sulfide 

oxidizing bacteria could be cultivated from waters sampled at and below the 

oxic/anoxic interface, and measurements indicate that light penetration was sufficient 

to support populations of photosynthetic bacteria. In 2012, 2013, and 2014, light 

dependent sulfide light dependent sulfide uptake was observed in freshly collected 

water column samples.  Extremely low levels of light were found to cause 2-10 fold 

increases over the basal uptake rate observed in dark incubations. Laboratory 

experiments with enrichments of phototrophic sulfide oxidizing bacteria from the Bay 

indicate a value for Ks of 10 µM and a Vmax of 50 µM min-1 mgprotein-1 for sulfide. 

Taken together, the results reported here suggest that phototrophic bacteria may make 
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a larger contribution to sulfide consumption in the Chesapeake Bay than has been 

previously considered. 

4.1  Introduction 

 The oxidation of sulfide by oxygen is thermodynamically unfavorable for a 

one-electron transfer and kinetically inhibited for a two-electron transfer (Luther, 

2010). Kinetic limitations on sulfide oxidation can be overcome by catalysts, either 

abiotic (i.e. transition metals, Yao and Millero, 1996), or biotic (i.e. sulfide:quinone 

oxidoreductase in various microbes, Gregersen et al. 2012). In many environments, 

particularly those with low oxygen levels and/or limited free transition metals, sulfide 

oxidation is expected to be microbially mediated (Luther et al., 2011). Primary 

production via biological sulfide oxidation provides an important link between the 

carbon and sulfur cycles (Jørgensen, 1982). Phototrophic sulfide oxidizing bacteria 

(PSOB) have been found in a wide array of aqueous environments in which both light 

and sulfide are present, including sediments (Preisler et al., 2007), hot springs 

(Wahlund et al., 1991), freshwater lakes (Parkin and Brock, 1981; Guerrero et al., 

1985; Tonolla et al., 2003; Rimmer et al., 2008), and marine basins (Overmann, 1992). 

In the water column, these bacteria are typically found between 2-20 meters from the 

surface, and at light transmittance values from 10 % to 0.015 % of surface irradiance 

(Overmann, 2008). Biological rates of sulfide oxidation can be orders of magnitude 

faster than abiotic rates (Luther et al., 2011); thus the presence of PSOB has the 

potential to significantly impact the sulfur cycle and redox chemistry in the 
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environment. The degree to which PSOB influence their environment depends upon 

environmental factors such as light availability, sulfide concentration, and the rates of 

abiotic sulfide oxidation processes (Overmann, 1997).     

 Investigating the presence and role of phototrophic sulfur bacteria in anoxic 

environments is important for understanding both modern and ancient systems.  

Investigating the presence and role of phototrophic sulfur bacteria in anoxic 

environments is important for understanding both modern and ancient systems. In 

modern systems, the development of sulfidic waters can cause stress or toxicity to 

aerobic organisms such as fish (Eghbal et al., 2004; Julian et al., 2005). Currently, the 

volume of low oxygen waters in oxygen minimum zones (OMZs) and coastal hypoxic 

zones is increasing due to a changing global climate (Deutsch et al. 2011), and many 

of these areas are completely anoxic for part of the year. Sulfide has been directly 

detected in several OMZs (Lavik et al. 2009; Schunk et al. 2013); and evidence for the 

cryptic cycling of sulfur, with simultaneous sulfate reduction and sulfide oxidation has 

also been observed (Canfield et al., 2010), even when sulfide was not directly 

detected. As these areas expand, the depth of anoxic water is expected to shoal, 

moving toward the photic zone (Stramma et al. 2010) and thus creating potential new 

niches for PSOB, which could play an important role in mitigating sulfide fluxes. In 

the ancient oceans, PSOB were likely important biogeochemical mediators during the 

transition of ocean chemistry from anoxic with periodic widespread sulfidic conditions 

to fully oxic (Hanson et al., 2013 and references therein). Environments that currently 

experience periodic anoxia and euxinia provide an analogue to the ancient oceans in 
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which to study the effects of changing redox conditions on the chemistry and 

microbiology of a system, lending insight into the biogeochemical evolution of 

modern oceans. Thus, further understanding of the environmental niches occupied by 

PSOB, and their impact on sulfide oxidation has widespread implications.  

4.1.1 Study Site  

 The Chesapeake Bay is a partially stratified estuary extending from the mouth 

of the Susquehanna River to the Atlantic Ocean (Hagy et al., 2004). Water transport is 

a two-layer gravitational circulation where saline water flows up-estuary and fresh 

water flows down (Pritchard, 1952). Salinity and temperature gradients, coupled with 

an influx of nutrients and subsequent biological productivity and decomposition, lead 

to the development of suboxic to anoxic deep-water in the summer. A suboxic zone 

between the oxic surface and anoxic deep layers in which neither oxygen nor sulfide is 

detectable may form at the interface created by density stratification. This interface is 

a place of dynamic chemical and biological activity and elemental cycling. In addition 

to annual and inter-annual variation in oxygen concentrations, shorter-term variations 

occur due to tidal forcing and wind-induced mixing of the water column (Lewis et al., 

2007), which result in changes in the depth and extent of the interface. The seasonal 

development of anoxic and sulfidic waters in the Chesapeake Bay has been correlated 

with shifts in the bacterial community structure (Crump et al., 2007); and functional 

gene surveys indicate that the lower water column microbial community switches to 

anaerobic respiration during anoxia, potentially exacerbating the production of sulfide. 
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It is not clear; however, whether there are significant microbial contributions to sulfide 

oxidation in this system.     

 In this study, we present field results that indicate PSOB are a consistent, 

recurring, and active component of the Chesapeake Bay sulfur cycle. In addition, 

laboratory experiments with enrichments of PSOB obtained from the Chesapeake Bay 

allowed determination of kinetic parameters with respect to light and sulfide 

concentration. These parameters allow a preliminary investigation into the potential 

contribution of PSOB to sulfide oxidation in the Chesapeake Bay given observed 

sulfide and light profiles in this system.  

4.2 Methodology 

4.2.1 Sample Collection 

 Field studies took place at Station 858 (38º58.8’ N; 76º22’ E) in the upper 

Chesapeake Bay south of the Bay Bridge. This site is a hole off of the main channel in 

the mesohaline portion of the Bay that is approximately 25 meters deep and is one of 

the first sites to stratify in the spring (Lewis et al., 2007). Fieldwork was conducted 

from 27-30 July 2011, 17-19 August 2012, 9-13 August 2013, and 18-22 August 2014 

aboard the University of Delaware’s research vessel the R/V Hugh R. Sharp. In 2012 

and 2013 all samples were obtained from Niskin bottles on the ship’s CTD rosette and 

were collected in cleaned Nalgene bottles on the ship. In 2011 and 2014, samples were 

taken from either Niskin bottles or from water pumped to the surface by a Rule 
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Industries 1000 gallons per hour pump. Care was taken while sampling to avoid 

aeration of the samples by flushing the sample bottle three times and capping with no 

headspace. Sample processing was rapid (< 10 minutes) in order to preserve redox 

speciation in the samples.  

4.2.2 Analytical Methods 

4.2.2.1 Oxygen and Sulfide 

 Measurements of oxygen and sulfide concentrations in the water column were 

made using in situ voltammetry. The voltammetric system used a 100 μm gold-

amalgam working electrode, a Ag/AgCl reference electrode, and a platinum counter 

electrode. In 2011 this system was interfaced to a DLK-SUB-II electrochemical 

analyser attached to a metal cage that was suspended over the side of the ship. In 2012 

-2014 a laboratory DLK 100A potentiostat was used as water was pumped with a 

pump profiler and measured shipboard using a flow-through cell (MacDonald et al., 

2014), which has been demonstrated to preserve in situ speciation (Glazer et al., 

2006). Voltage was scanned from -0.1 V to -1.8 V at a scan rate of 2000 mV/second. 

Using this method the detection limit for oxygen is 3 μM and for sulfide and 

polysulfide is 0.2 μM.   

4.2.2.2 Iron 

 Iron was determined spectrophotometrically using the ferrozine method of 

Stookey (1970). An Ocean Optics UV-Vis spectrophotometer was used on board the 
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ship and analyses were conducted after sample collection and processing. Samples for 

iron analysis were subsampled from the Nalgene bottle and 100 mL were filtered via a 

0.2 µm prefabricated Puradisc filter into a separate Nalgene bottle containing 90 µL of 

12 M trace metal grade hydrochloric acid. The acid-fixed samples were allowed to sit 

for at least four hours prior to analysis, and all samples were taken in triplicate.  

Ferrous iron was determined in acid-treated samples by adding 3 mL of a 1:1 mixture 

of 0.01 M ferrozine and 6 M ammonium acetate buffer. After a waiting period of half 

an hour the absorbance at 562 nm was read. The samples were conserved and 250 µL 

of hydroxylamine were added to react for half an hour to reduce Fe3+ to Fe2+ in order 

to measure total iron. The difference between the values for total iron and Fe2+ in each 

sample gives Fe3+.   

4.2.3 Enrichment Methods 

4.2.3.1 Bacterial Enrichments in the Field 

 Samples for photosynthetic sulfide oxidizing bacteria were taken within and 

below the suboxic zone.  One mL of sample water was injected into a 20 mL septum 

vial containing anoxic SL-10 media specialized for PSOB containing 17.9 mM HCO3
- 

as the carbon source and 2.5 mM H2S as the sole electron donor (Overmann and 

Pfennig, 1989). The vials were incubated benchtop for the duration of the cruise. Upon 

return to land, the vials were incubated at 20-22 ºC at 5 µEi and were sub-cultured into 

fresh medium when growth was visibly apparent. This produced a number of stably 
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transferable enrichments that were all similar in appearance (data not shown).  One of 

these, CB11, was selected and used for all further experiments. 

4.2.3.2 Identification of Phototrophic Bacteria in CB11 

 Whole cell absorption spectra for CB11 and pure cultures of related strains 

were collected on samples taken from actively growing cultures by syringe and 

transfer to a plastic cuvette.  Spectra were recorded on a DU730 spectrophotometer 

within one minute of removal from the culture. Data for absorbance at 1 nm intervals 

between 400 and 1100 nm were transferred to Microsoft Excel for plotting.   

 For phylogenetic analysis, cells were collected by centrifugation from 1 ml of 

enrichment culture by centrifugation at 16,400 x g for 2 minutes. Cells were 

resuspended in lysis buffer containing 1 % (v/v) Triton X-100, 20 mM Tris-HCl, and 

0.1 mM EDTA at pH 8.0.  Cells were lysed by heating to 95 oC for 5 minutes. Debris 

was removed by centrifugation at 16,400 x g for 2 min and 2 ml of the supernatant 

was used in a PCR reaction with primers 27f (5’- GAGTTTGATYHTGGCTCAG-3’) 

and 1492r (5’- GGTTACCTTGTTACGACTT-3’). After treating the reaction with 

ExoSAP-IT according to manufacturer instructions, PCR products were inserted into 

pCR2.1-TOPO and clones recovered by electroporation into Escherichia coli strain 

EC100D and plating on LB agar with kanamycin (50 �g ml-1). Positive clones were 

identified by colony PCR with primers M13r (5’- AACAGCTATGACCATG-3’) and 

T7P (5’- TAATACGACTCACTATAGGG-3’). PCR products of the appropriate size 

were sent for Sanger sequencing using the same primers after ExoSAP-IT treatment at 
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the University of Delaware Sequencing and Genotyping Center. Vector sequence was 

removed and sequences from three clones were assembled into a contig using CLC 

Workbench v.7. The resulting sequence was aligned to 73 Chlorobi 16S rRNA 

sequences and those of Ignavibacterium album JCM 16511 and Meloribacter roseum 

P3M as outgroups by MUSCLE in MEGA6 (Tamura et al., 2013). The alignment was 

trimmed to remove excess sequence at each and a phylogenetic tree created by 

maximum likelihood analysis of aligned representative Chlorobi and outgroup 

sequences using the Kimura 2-parameter model allowing for both invariant sites and a 

gamma distribution of 5 categories for variable rate sites. 

 Automated ribosomal intergenic spacer analysis (ARISA, Cardinale et al., 

2004) was used to determine if the CB11 enrichment contained significant amounts of 

other bacteria and to compare CB11 with other enrichments obtained from 

Chesapeake Bay samples. Lysate of culture samples was prepared and used for PCR 

as above, but the PCR reaction contained primers ITSF (5’-

GTCGTAACAAGGTAGCCGTA-3’) and ITSReub (5’- GCCAAGGCATCCACC-

3’), where ITSReub was labeled with the NED fluorophore. PCR products were mixed 

with a size standard (LIZ-1000) and then analyzed on 3130XL Genetic Analyzer in the 

University of Delaware Sequencing and Genotyping Center. The resulting 

electropherograms were analyzed using the freely available PeakStudio software 

package (http://fodorlab.uncc.edu/software/peakstudio) to calculate the sizes of 

fragments and peak areas.  Chlorobaculum tepidum TLS, Chlorobium luteolum DSM 

273, Chlorobium limicola DSM 245 and Prosthecochloris aestuarii DSM 271 were 
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analyzed as controls and all produced ARISA peaks that matched those predicted from 

their complete genome sequences (data not shown). These analyses were conducted by 

Dr. Thomas E. Hanson.  

4.2.3.3 Preparation of Enrichments for Laboratory Experiments  

 Laboratory enrichments of the Chesapeake Bay strain were initiated by 

transferring 5 mL of enriched culture into a 100 mL septum vial, which was 

pressurized to 10 psi with ultra-high purity argon gas and incubated in the dark for 45 

minutes. The bacteria were then grown in a water bath set at 25˚C for forty-eight hours 

under 20 μEi full spectrum light. At the end of the growth period cells were washed 

three times with HEPES buffer (0.1 M, pH 7.4) to remove salts. Once washed, the 

cells were stored in anoxic HEPES buffer (3 mL) in a sealed 20 mL septum vial and 

were used in experiments the same day. Anoxic conditions were maintained while 

transferring the cells by using a glove bag purged with ultra-high purity argon.  

4.2.3.4 Protein Measurement 

 Protein measurements were made using the Bradford Assay (Bradford, 1974). 

Briefly, a 0.5 mL aliquot of the culture is subsampled and centrifuged at 16 xg for one 

minute. Half of the supernatant was drawn off and then the remainder was spun down. 

The rest of the supernatant was decanted and the pellet was re-suspended in 1 mL cold 

methanol for 10 minutes, after which it was centrifuged again at 16 xg for five 

minutes. The methanol was decanted, and used to measure bacteriochlorophyll e at 
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660 nm, and the pellet was dried in air. To measure protein, pellets were suspended in 

equal parts NaOH (0.25 M) and HCl (0.25 M). The re-suspended samples were diluted 

and buffered in 15 mM potassium phosphate before the addition of the Bradford 

reagent.  UV-Vis measurements were made at 595 nm.  

4.2.3.5 Analytical Methods for Sulfide Loss Experiments 

 In situ voltammetry with solid-state gold amalgam electrodes was used to 

measure sulfide concentrations throughout the experiments (Luther et al., 2011; 

Hanson et al., 2013). The methods for construction and calibration of the electrodes 

are outlined in Luther et al. (2008).  The thermostatted electrochemical cell contains 

ports for Argon gas delivery, a 100 μm gold-amalgam working electrode, a Ag/AgCl 

reference electrode and a platinum counter electrode. It was controlled using an 

Analytical Instrument Systems (AIS) DLK-60 potentiostat. Voltammetric scans of 

solutions were run from -0.1 to -1.8 V with two conditioning steps: one at -0.9 V for 

five seconds, which prevents sulfide from plating on to the electrode surface (equation 

1), and one at -0.1 V for two seconds (equation 2).   

(1) HS- + Hg  HgS + 2e-  

(2) HgS + H+ +2e-  HS- + Hg  

Shipboard kinetic experiments 

 In 2012, 2013, and 2014, kinetic experiments modeled after those of Luther et 

al. (1988) were conducted shipboard using anoxic bottom water. Water samples were 
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used unfiltered, or after being filtered through either a 0.2 μm or a 0.05 μm Nuclepore 

filter. Experiments were set up in a glove bag purged with ultra-high purity argon gas, 

and the water sample was put in a glass electrochemical cell sealed with no headspace. 

In 2012, because no sulfide was detectable in the water column, 30 μM sulfide was 

added to anoxic bottom water. In 2013 and 2014 the bottom waters were sulfidic, and 

kinetic experiments monitored the loss of the initial sulfide present in the sample. 

During these experiments, sulfide loss in the electrochemical cell was monitored by 

solid-state voltammetry as detailed above. Light intensity was controlled using a desk 

lamp with a full spectrum bulb attached to a variac, which allowed for fine-tuning, and 

was monitored using a LI-COR Biosciences LI-1400 data logger light meter. Fifty μM 

(3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) were added to the sample water 

prior to experiments in order to inhibit oxygenic photosynthesis. Abiotic control 

experiments were also conducted by fixing the samples with 1.6 % formaldehyde prior 

to monitoring sulfide loss.  

 

Laboratory kinetic experiments 

 Experiments were conducted to measure the effect of biomass, sulfide 

concentration, and light intensity on the sulfide oxidation activity of enrichments of 

CB11. All experiments were run in anoxic HEPES buffer (0.1 M, pH 7.4), with a cap 

of argon gas to maintain anoxic conditions during the experiments. Experiments were 

run at 25 ˚C in a thermostatted electrochemical cell. Light intensity was monitored and 
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manipulated as noted above. Dark conditions were maintained by shrouding the 

electrochemical cell. 

 Cells were harvested for experiments during log phase growth as determined 

by a three-day growth curve. Experiments conducted with varying biomass were run 

under 5 μEi light intensity with 30 μM sulfide to determine the effect of biomass on 

the sulfide oxidation rate. For all further experiments, between 19 to 90 µg protein was 

used in each experiment in order to remain within the linear range of a plot of protein-

normalized rate vs. biomass. Thus, normalizing the experimental rates to protein 

removes the effect of biomass on the sulfide loss rate. Sulfide concentration 

experiments were conducted under 5 μEi light at 5, 15, 50, 75, and 100 μM sulfide. 

Dark rates were obtained for each sulfide concentration and were subtracted from the 

experimental rate in order to separate photosynthetic activity from uptake by the cells. 

Experiments varying light intensity from 0 μEi to 15 μEi were run with 75 μM sulfide. 

Abiotic controls were conducted for each set of experimental conditions, and those 

rates were subtracted from the biotic experiments. 

4.3 Results  

4.3.1 Field results 

4.3.1.1 Physical and Chemical Stratification of the Water Column 

 Inter-annual variation in water column chemistry and the location of the 

oxic/anoxic interface was evident during the four summers during which this study 
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took place. Figure 4.1a, b, c, and d show profiles of the density, PAR, oxygen and 

sulfide in the water column at the study site during the summers of 2011, 2012, 2013, 

and 2014 respectively. In 2011 (Figure 4.1a) the water column was strongly stratified 

with a clear pycnocline. The depth of the oxic/anoxic interface varied between 7-10 m, 

and sulfide concentrations were up to 100 µM at depth. PAR profiles overlapped with 

sulfide. In 2012 (Figure 4.1b), due to low spring rainfall and mixing from summer 

storms, the water column was much more homogenous. Oxygen was present 

throughout the water column, with only the very deepest waters being suboxic or 

anoxic, well below light penetration. Free sulfide was not detected in the water 

column, although trace quantities of FeS were detected voltammetrically in deep water 

samples. In 2013 (Figure 4.1c), the water column was physically and chemically 

stratified, and the oxic/anoxic interface was present at about 15 meters depth. Sulfide 

was measured at concentrations up to 40 µM and did not overlap with detectable PAR. 

In 2014 (Figure 4.1d), there was a significant suboxic zone extending between depths 

of 10 and 13 meters and sulfide was up to 70 µM in the deep waters. PAR overlapped 

with the suboxic zone, but not with the sulfidic layer. 
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Figure 4.1 Physical and chemical characteristics of the Chesapeake Bay water column 

over four subsequent summers. (a) In 2011 the water column was strongly 
stratified, with a clear pycnocline.  Oxygen concentration was below 
detection at approximately 8 m depth, after which sulfide increased at 
depth. (b) In 2012 the water column was not strongly stratified, and oxygen 
was present in the deep waters, with only the last few meters above the 
sediments becoming suboxic. Sulfide was not detected; however trace 
amounts of FeS were observed directly above the sediment/water interface. 
(c) In 2013 the water column was stratified. Oxygen was depleted at depths 
around 13 m and sulfide was observed at depth. (d) In 2014 the water 
column was also stratified, and oxygen was below detection at 9.5 m. 
Sulfide was present at 12 m. 

 

4.3.1.2 Sulfide Oxidizing Bacteria Cultures.  

 Phototrophic sulfide oxidizing bacteria were successfully enriched in cultures 

from the Chesapeake in 2011 and 2013, both years in which physical and chemical 

gradients were established and sulfide was present in the water column. In each of 

these years, the bacteria were found at and directly beneath the oxic/anoxic interface 

(Table 4.1).   
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Table 4.1 Location and characteristics of successful phototrophic sulfide oxidizing 
bacteria enrichme nts from the Chesapeake Bay.   

 

 
 
 

 
 
 Intact cell absorption spectra of one of the successful enrichments, CB11, 

showed features suggesting that this enrichment is dominated by Chlorobi (Figure 

4.2).  The peaks at 469 and 720 nm are likely from antenna bacteriochlorophylls in the 

chlorosome and the small feature at 810 nm is likely from the baseplate 

bacteriochlorophyll. Extraction of the pigments into methanol produced a strong 

absorbance at 665 nm characteristic of bacteriochlorophyll e (Gloe et al., 1975). The 

spectrum of the enrichment is qualitatively similar to that of other Chlorobi that 

contain Bchl e (Manske et al, 2005, and references therein). Results were similar for 

all other positive enrichments (data not shown). 

 

Year Date Time Depth (m) [H2S] (µM) PAR (µEi) pH T (oC) bp area %

2011 28-Jul 7:20 11.4 <0.2 0.039 7.1 24.9 578 94
13.5 10.4 0.038 7.03 24.4 578 100

30-Jul 8:30 6.88 <0.2 0.271 7.1 26.8 578 95
11.3 45.8 0.038 7.05 24.3 581 56

578 40

2013 9-Aug 7:00 18.9 14.5 <0.034 7.36 25.3 578 98
13:30 14.9 9.4 0.038 7.39 25.2 578 98

11-Aug 7:30 13.3 <0.2 0.038 7.36 25.3 578 99
18.1 21.8 <0.034 7.35 25.3 578 97

12-Aug 7:40 13.1 <0.2 0.038 7.44 25.4 578 98
17.1 13.25 <0.034 7.42 25.3 578 98

ARISA peak



 145

 

 

 

 

Figure 4.2 Intact cell absorption spectrum of enrichment CB11. The wavelengths of 
relevant features are noted. 
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 Sequencing of three independently cloned 16S rRNA PCR products from 

enrichment CB11 produced identical results.  Phylogenetic analysis of the sequence 

shows that the strain dominant in CB11 is most closely affiliated with 

Prosthecochloris vibrioformis (Figure 4.3). Enrichment CB11 was analyzed by 

ARISA and found to contain one major peak of 578 bp in size that accounted for 94% 

of the total peak area detected in the sample. This same peak was the dominant 

ARISA peak observed in most other positive enrichments analyzed (Table 4.1). In the 

one enrichment where it was not dominant, it was the other major peak detected. The 

581 bp ARISA peak dominating that enrichment likely arose from another member of 

the Chlorobi as determined by sequencing of 16S rRNA clones (data not shown).  

These data were provided by Dr. Thomas E. Hanson.  
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Figure 4.3 Maximum likelihood phylogenetic tree of the Chlorobiaceae based on a 
1,238 bp alignment of 16S rRNA sequences including the sequence derived 
from enrichment CB11.  Sequences collected from databases are identified 
by organism names as proposed by Imhoff and Thiel (2010), followed by 
strain designations, and accession numbers. Numbers at the nodes indicate 
the percent support observed from 1,000 bootstrap replicates. Only those 
values >50% are shown.  The dashed branches were shortened 
horizontally.  For all other branches, the scale bar indicates 0.05 
substitutions per site. 
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A B C 

4.3.1.3 Light Dependent Sulfide Oxidation in Field Samples 

 

 

 

 

 

 

 

 

 
Figure 4.4 Experiments conducted shipboard demonstrating light dependent sulfide 

oxidation in anoxic Chesapeake Bay water samples in (a) 2012, (b) 2013, 
and (c) 2014.   

 

 

 In 2012, free sulfide was not detectable in the water column; however, light 

dependent sulfide loss was observed upon the addition of sulfide to bottom water 

samples, as demonstrated by Figure 4.4a. This sulfide loss activity was size dependent: 

filtration through a 0.2 µm filter had no significant effect on the rate of sulfide loss 

compared to experiments with unfiltered waters; however filtration through a 0.05 µm 

filter effectively stopped sulfide loss. Treatment of the anoxic water sample with 

formaldehyde also significantly decreased the sulfide loss rate when compared to 

untreated water (from 0.96 to 0.34 µM/minute).   

 In 2013 and 2014, sulfide was present in the water column, and experiments 

monitored the loss of the naturally occurring sulfide. In 2013, samples were taken 



 149

from sulfidic waters directly below the oxic/anoxic interface at depths ranging from 

14-19 meters. Figure 4.4b shows the effect of increasing light intensity on the rate of 

sulfide loss (10-20 µM initial sulfide) in 2013. Both the addition of formaldehyde (to a 

final concentration of 1.6 %) and filtration through a 0.2 µm filter resulted in a 

decrease in the rate of sulfide loss to approximately equal that of the dark rate. 

 Water samples for the 2014 experiments were collected below the interface, at 

approximately 15 m depth, and sulfide concentrations were 50-60 µM. In 2014, rates 

of sulfide loss were an order of magnitude higher than in 2013 (Figure 4.4c). Sulfide 

loss in the dark was a third of that in the light; however there were no significant 

differences between rates at varying light intensities (0.1-5 µEi) as observed in 

previous years (Figure 4.4a and 4.4b). This difference could be because the redox 

interface was higher in the water than in 2013, and thus was exposed to higher light 

intensities. Given these favorable conditions, the community of phototrophic sulfide 

oxidizing bacteria would be active and primed for sulfide oxidation. Also unique to 

this year was the observation of polysulfides in kinetic experiments conducted in the 

light, indicated by a doublet peak at -0.7 V in the voltammetric scan (Rozan et al., 

2000; Luther et al., 2001). A representative scan is depicted in Figure 4.5. Polysulfides 

are produced during the metabolism of some green and purple PSOB (Prange et al., 

2007) and are the first product of sulfide oxidation by the enzyme sulfide:quinone 

oxidoreductase (Griesbeck et al., 2002), and so their presence supports sulfide 

oxidation activity by PSOB. The dark rate (1.22 µM/min) in 2014 is an order of 

magnitude higher than the formaldehyde-treated rate (0.17 µM/min), suggesting that 
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sulfide loss in the dark is due to biological uptake. Sulfide is readily transported 

through the cell membrane (Riahi and Rowley, 2014), and uptake of sulfide in the 

dark is observed in laboratory cultures of PSOB as well, and will be discussed further.  

 

 

 

 

Figure 4.5: Voltammetric scan demonstrating the presence of polysulfides (doublet at 
-0.7 V). 

 

 

 

 The data shown in Figure 4.4 strongly indicate sulfide loss due to PSOB 

activity. First, addition of formaldehyde significantly inhibited sulfide loss, indicating 
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a biological rather than a chemical process, and the abiotic rate from formaldehyde 

treated samples was comparable over all three years. Second, addition of DCMU as an 

inhibitor of photosystem II did not affect the sulfide loss rate, demonstrating that O2 

production by cyanobacteria was not the cause of sulfide loss. Finally, the effect of 

low-intensity light variations on the sulfide loss rate and the successful enrichment of 

phototrophic sulfide oxidizing bacteria in both 2011 and 2013 indicate that the 

observed anoxic, light dependent sulfide loss in anoxic Chesapeake Bay waters is due 

to the activity of phototrophic sulfur bacteria, and not chemotrophic sulfide oxidizing 

bacteria.  

 One prior study in the Chesapeake Bay has shown rapid sulfide loss (with a 

half-life for sulfide of approximately 15 minutes) in water samples exposed to light, 

which did not appear to be due to oxidation by oxygen or trace metals as this sulfide 

loss was not observed in the dark or in water samples that had been fixed with 

formaldehyde (Luther et al., 1988), a finding similar to the results presented above. 

The reproducibility in light dependent sulfide loss in four separate years (1987, 2012, 

2013, and 2014) is highly significant as it suggests that it is a common component of 

the Chesapeake Bay sulfur cycle despite interannual redox variation.  
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4.3.2 Kinetics of Sulfide Oxidation in Enrichment CB11 

 For the following discussion, sulfide loss refers to the sum of two specific 

processes that will be differentiated when possible. Sulfide uptake indicates the 

portion of sulfide loss that consists of any sulfide taken into the cells that cannot 

definitively have been known to have been oxidized. (e.g., sulfide loss observed in the 

dark). Sulfide oxidation indicates the portion of sulfide loss that is known to have 

resulted in oxidation (through measurement of oxidation products). CB11 has been 

shown to produce nanoparticulate sulfur as a product of sulfide oxidation (Chapter 3). 

 In order to investigate the effects of changing light intensity, sulfide 

concentration, and biomass on the sulfide oxidation rate of phototrophic sulfur 

bacteria, kinetic experiments were conducted in the laboratory using CB11 

enrichments grown under laboratory conditions as detailed in previously. The 

doubling time for the bacteria was determined to be 10 hours, and all experiments 

were completed at time intervals of less than one hour, well below the doubling time.   

4.3.2.1 Determination of Kinetic Parameters with Varying Sulfide 

Concentration  

 Figure 4.6a shows the relationship between sulfide concentration and the rate 

of sulfide oxidation at saturating light intensity. The first five points, encompassing 

sulfide concentrations ranging from 5-75 μM, were modeled in Figure 4.6b using the 

Michaelis-Menten model for enzyme kinetics (equation 3) to estimate the maximum 
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rate of sulfide oxidation, Vmax, and the half saturation constant, Ks (a measure of the 

affinity of the enzyme). S is the substrate concentration, which in this case is sulfide.  

 
(3) v = 

 

The data can be algebraically transformed via equation 4 to create a linear 

Lineweaver-Burke double reciprocal plot (not shown) in order to obtain a more 

accurate estimate for Vmax and Ks.   

 
(4)         =                       + 

  

Although the rate data follow Michaelis-Menten kinetics at low sulfide concentrations, 

this description of the kinetics is not accurate for the entire data set. At higher sulfide 

concentrations (> 75 μM) the rate data display characteristics of substrate inhibition 

and were modeled using the substrate inhibition model (equation 5, Figure 4.6d) 

proposed by Luong et al. (1986).   

 
(5)   v =                     x 	ቀ1‐ S

Smax
ቁ 

 
This model includes a term for Smax, the threshold substrate concentration, above 

which activity is completely inhibited. The exponent, n, is a fitting term that describes 

the shape of the inhibition. In modeling the data in Figure 4.6, n was set to equal 1, 

describing a linear decrease in the rate of sulfide loss after 50 μM. The kinetic 

parameters derived from each of these models: Michaelis-Menten, Lineweaver-Burke, 

and the substrate inhibition model are summarized in Table 4.2.  

Ks 
Vmax· [S] 

Vmax·[S] 
[S] +Ks 

1 
v0 

1 
vmax 

n Vmax·[S] 
[S] +Ks 
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Figure 4.6 (a) The effect of sulfide concentration on rate of sulfide loss at saturating 

light intensities (b) Comparison of model fit to the first part of the dataset 
shown in (a) for parameters determined by Michaelis-Menten and 
Lineweaver – Burke (c) Substrate inhibition model of the entire curve. Rate 
is in µM sulfide/minute/mg protein. Rate has units of μMmin-1mg protein-1. 
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Table 4.2 Comparison of kinetic parameters derived from enzyme activity models.   

Model 
Vmax  

(μM/min/mg protein) Ks (μM) Smax (μM) 
Michaelis-Menten 39 ± 2.9 14 ± 3.6 -- 
Lineweaver-Burke  26 4.5 -- 
Substrate inhibition modela 51 ± 4.6 11 ± 4.4 190 ± 18 

a Equation 5, from Luong et al. (1986) 
 

 

 These values for both Vmax and Ks fit within the sulfide range CB11 would 

experience in the Chesapeake Bay (≤ 100 µM) and are comparable to the kinetic 

parameters determined for Chlorobi and other green sulfur bacteria (van Gemerden 

and Mas, 1995). Given that the substrate inhibition model is the only model used to fit 

the entire data set, the maximum rate and half saturation constant derived from that 

model are the best description of the kinetic parameters of CB11.  

 Although substrate inhibition is the most likely reason for the trend observed in 

Figure 4.6a, two other explanations may also explain the high variability in the data. 

First, the experiments were conduced using enrichments, not isolated cultures. The 

presence of other organisms in the experiments could obscure the effects of sulfide 

concentration on the sulfide oxidation rate. Parkin and Brock (1980) demonstrate 

differences in response to sulfide concentration between laboratory cultures and 

natural populations of sulfide oxidizing bacteria based on the rate of sulfide supply to 

the bacteria. If the local rate of sulfide supply or production is fast, such as when 

sulfide-oxidizing bacteria live in conjunction with sulfate reducing bacteria, the 

concentration of sulfide is not important. Secondly, as an organism living in an 



 156

environment that is highly variable with respect to sulfide concentration, the bacteria 

studied here may be capable of utilizing a wide range of sulfide concentrations, 

particularly because light is the predominant factor limiting photosynthetic sulfide 

oxidation at the depths from which the bacteria were found.    

4.3.2.2 Determination of Kinetic Dependence on Light Intensity 

 
 

 

 
 
Figure 4.7 Effect of light intensity on the sulfide oxidation rate of laboratory grown 

enrichments. A rate of sulfide uptake is observed in the dark, and saturation 
of the rate occurs at low light intensity.  
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 Figure 4.7 shows the effect of light intensity on the sulfide oxidation rate of 

laboratory grown CB11 enrichments. Small increases in light intensity result in 

significant changes in the sulfide oxidation rate over the dark uptake rate, similar to 

the results observed in field experiments (Figure 4.4a, b, c). Saturation of the rate is 

also evident after 2 μEi, indicating that photoinhibition occurs at very low light 

intensities.  

 An important component of Figure 4.7 is that a significant rate of sulfide loss 

is observed in the dark (57 μM min-1 mg protein-1). Photosynthetic sulfide oxidation 

cannot occur under dark conditions, as light is required for the oxidation of the 

quinone pool (Shahak and Hauska, 2008); however uptake of sulfide for later 

oxidation may occur, as is done with stored elemental sulfur (Overmann, 1997). This 

dark rate is observed in other phototrophic sulfide oxidizing bacteria such as 

Chlorobaculum tepidum and RSC1, a red colored green sulfur bacterium isolated from 

a Bahamian sinkhole (Findlay, MacDonald, Hanson, and Luther, unpublished data). 

Dark uptake is significant as it suggests that sulfide may be stored inside the cell for 

future oxidation, and that uptake and oxidation of sulfide are independent processes.   

 The results of experiments with varying light intensity and those with varying 

sulfide concentrations suggest the optimum conditions with respect to the maximum 

sulfide oxidation rate for these bacteria are approximately 50 μM sulfide and 2 μEi 

light intensity. A direct comparison between the field and lab results is not possible 

because the biomass in laboratory experiments is likely much higher and more 

concentrated than the biomass in situ and in the kinetic experiments conducted in the 
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field. However, sulfide loss rates over different light intensities in both the field and 

lab are within the same order of magnitude and show similar responses to small 

changes in light intensity. This has wide environmental implications as small changes 

in the depth of the chemical interface (and thus in the light reaching it) could greatly 

impact the sulfide oxidation capacity of the Chesapeake Bay and similar systems 

where these organisms are present. 

4.4 Discussion 

 The results presented above strongly indicate that Chlorobi are a consistent 

component of the Chesapeake Bay ecosystem, despite variable redox conditions, and 

that they can oxidize sulfide at rates significantly higher than abiotic rates. The 

significance of these findings will be explored further in the following discussion.  

4.4.1 Effect of Redox Conditions on PSOB in the Chesapeake Bay  

 The difference in the effects of filtration on the sulfide loss rate between 2012 

and 2013-2014 can be explained by potential effects of the water chemistry on the 

physiology of sulfide oxidizing bacteria. In 2012, sulfide was not detected in the water 

column, although low concentrations of FeS and H2S may have been diffusing from 

the sediments. In this case, the bacteria would be in low sulfide environments well 

below the photic zone, experiencing occasional exposure to oxygen. Under these 

conditions, any phototrophic sulfide oxidizing bacteria present would likely be small, 

and could pass through a 0.2 µm filter. Light intensity has been found to affect the cell 
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size of phototrophic sulfide oxidizers (Manske et al., 2005), and cells growing in low 

substrate conditions also have a smaller cell volume (Baker et al., 1983; Lebaron and 

Joux, 1994). In 2013 and 2014, when sulfide was present and the anoxic interface was 

higher in the water column and closer to the photic zone, phototrophic sulfur bacteria 

would have been larger, and caught on the 0.2 µm filter. Bacteria grown in laboratory 

enrichment cultures from the Chesapeake Bay are approximately 1-5 µm; however 

naturally occurring bacteria are known to have smaller cell size than those grown in 

culture (Lebaron and Joux, 1994), and pico-bacteria less than 1 µm have been found in 

the Chesapeake previously (Malone et al., 1991; Chen et al., 2006).  

4.4.2 Viability of PSOB at in situ Light Levels.  

 The light dependent sulfide loss observed in the Chesapeake Bay samples 

suggests that the bacteria present are active, or have the potential to be active given 

sufficient light and sulfide. The variability in the physical stratification of the water 

column (Figure 4.1a-d) means that the location of the redox interface changed with 

respect to the photic zone between years. Traditionally, the photic zone is delineated 

by light intensities > 1% of surface intensity. Using this definition, the base of the 

photic zone was located at 3.5 m in 2011, at 6 m in 2012, at 4 m in 2013, and at 9 m in 

2014. However, as demonstrated above (Figure 4.4a-c) PSOB are capable of 

significant sulfide oxidation activity at light intensities as low as 0.0067 % surface 

intensity (0.1 µEi). The detection limit of the PAR sensor used was 0.034 µEi, which 

is higher than light intensities at which phototrophic activity has been observed, and so 
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the depth at which PAR fell below the detection limit can be used to extend the photic 

zone. In 2011 this depth was 10 m, in 2012 it was 14 m, in 2013 it was 9 m and in 

2014 it was 11 m. In 2011, the chemical interface was typically located between 7-10 

m, and so fell within this extended photic zone. In contrast, in 2012 the suboxic zone 

was at 20 m, and so was below the photic zone. In 2013 the interface was situated 

between 13-15 m and so was below the extended photic zone, although a shoaling of 

the interface throughout the cruise brought it to the base of this extended photic zone. 

In 2014 the interface was situated between 9-12 m depth, and so was located on the 

edge of the extended photic zone. 

 A study by Manske et al. (2005) found cultures of PSOB to be 

photosynthetically active at light intensities down to 0.015 μEi, and field studies have 

established that short term variation in the light intensity at the interface can lead to 

photosynthetic growth, a build-up of green sulfur bacteria, and maintenance of the 

population (Rimmer et al., 2008; Marschall et al., 2010). The location of the interface 

in the Chesapeake Bay is known to vary tidally (Lewis et al., 2007) and so this process 

could be a factor in maintaining PSOB populations. Additionally, field studies in the 

Black Sea have found that although most cells in the green sulfur bacteria population 

are photosynthetically inactive, and do not grow; the cells are capable of maintaining 

their viability at light intensities as low as 0.0014 μEi, (Marschall et al., 2010). 

Furthermore, a study by Zerkle et al. (2010) found S0 produced by phototrophic 

bacteria at the chemical interface of a stratified lake during the autumn months, when 

the interface is below the photic zone. Our results, along with these studies, suggest 
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that for low-light adapted phototrophs the photic zone may extend further than has 

been traditionally thought.  

4.4.3 Potential Contribution of PSOB to Primary Production  

 Parkin and Brock (1980b) demonstrate a correlation between the contribution 

of photosynthetic sulfur bacteria to total primary production and the fraction of surface 

light to which they are exposed. At the oxic-anoxic interface of the Chesapeake Bay in 

2011, the maximum light intensity was 0.4 % of surface irradiance. According to the 

relationship outlined by Parkin and Brock (1980a) phototrophic sulfur bacteria could 

have contributed up to 5 % of total primary production.  In 2013, when the interface 

was located lower in the water column, and the maximum light intensity was < 0.01% 

of surface, sulfur bacteria could have accounted for up to 0.1 % of primary production.  

In 2014, the maximum light intensity at the redox interface was 0.7 % of surface 

irradiance and PSOB could have contributed up to 10 % of total primary production.  

4.4.4 Potential Impact of PSOB on Sulfide Oxidation in the Chesapeake Bay  

 Based upon the evidence presented above, phototrophic sulfide oxidation is an 

important component of the sulfur cycle in the Chesapeake Bay during periods in 

which the water column is stratified; however, abiotic sulfide oxidation is also 

expected to occur. Oxidized iron and manganese are the two dominant oxidants for 

sulfide at the chemical interface (equations 6 and 7).   

(6) 2 FeOOH + H2S + 4 H+  2 Fe2+ + S0 +4 H2O 
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(7) MnO2 + H2S + 2 H+ Mn2+ + S0 + 2 H2O 

In order to compare the fraction of biotic to abiotic sulfide oxidation in the 

Chesapeake, the rates of each process were calculated using parameters from the 

suboxic zone from 2013 and 2014. These two years were selected as they are the two 

years in which light dependent sulfide loss experiments were conducted with field 

samples and sulfide was detected in the water column. Given the following rate laws, 

and the concentrations of reactants as measured in the field, the potential in situ rates 

of sulfide oxidation via iron oxides, manganese oxides, and phototrophic bacteria may 

be estimated, and are compared in Table 4.3.  

 Using the rate constant derived by Yao and Millero (1996) and measured 

concentrations of iron and sulfide, we can determine the rate of sulfide oxidation by 

iron(III). The highest concentration of iron measured at the chemical interface for both 

2013 and 2014 was 1.5 μM (2013). Equation 8 shows the rate law for sulfide oxidation 

by hydrous iron oxides as defined by Yao and Millero (1996) is 

 

(8)                 = k [H2S]T [Fe(OH)3] 
 

where k at 25 ˚C is 148 M-1min-1.   

          Equation 9 shows the rate law for sulfide oxidation by manganese(IV) oxides as 

derived by Yao and Millero (1993). The value for k in seawater at 25 ˚C is 436 M-

1minute-1. The highest concentration of MnO2 at the chemical interface (2013) was 6 

μM in 2013 and 2 µM in 2014.   

-d[H2S]T 
      dt 



 163

 
(9)                  = k [H2S]T [MnO2] 

 

The rate constant and in situ rate of sulfide loss due to phototrophic sulfide oxidizing 

bacteria were derived using data from the laboratory experiments discussed aboveThe 

rate of sulfide metabolism for phototrophic bacteria is assumed to be dependent on 

both light and sulfide concentration (Guerrero et al., 1985), and the reaction can thus 

be described by equation 10.  

(10) rate = k [H2S]a[light] 

 

where [H2S] is in M and light is in μEi. The rate order for sulfide was calculated by 

the method of initial rates using laboratory experiments with enrichments that isolated 

the effects of sulfide on sulfide oxidation rates in bacterial enrichments (Figure 4.5a). 

The order of reaction (a) for sulfide was determined to be 1 from this experimental 

data. Light is a continuous flux during these measurements and does not become 

depleted; thus PSOB activity can be described by a pseudo-first order rate expression 

that is dependent solely upon the sulfide concentration at a specific light intensity. The 

rate equation then becomes 

 
(11) rate = k [H2S] 

in which the value of k will change with the light intensity. In addition to light, this 

value for k is dependent upon other environmental conditions, and in particular, on the 

biomass of PSOB at the interface. Using the rates from Figure 4.4b and 4.4c and the 

-d[H2S]T 
      dt 
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sulfide concentration measured during those experiments (15 µM in 2013 and 50 µM 

in 2014), a value for k may be derived at a specific light intensity (in this case 0.1 µEi) 

for 2013 and 2014. The expected biotic rate of sulfide oxidation at the chemical 

interface is predicted based upon eq. 11, with the value for k and the sulfide 

concentration measured at the interface. 

Table 4.3 Comparison of sulfide oxidation rates for 2013 and 2014. 

 
a Maximum measured concentration of Fe3+ at the interface 
b Maximum measured concentration of manganese oxide at the interface 
c Lowest light intensity for which measurements of H2S loss rates were made (Figure. 4.4) and is 
representative of light intensities measured at the interface in 2011.  
 
 

4.4.5 Estimate of PSOB Biomass in the Chesapeake Bay  

 Using the rates obtained for laboratory cultures, and in situ measurements of 

both light intensity and sulfide we are able to estimate the biomass present at the redox 

interface in 2013 and 2014. Figure 4.8 depicts the relationship between biomass (mg 

Pathway for sulfide oxidation [H2S] (µM) [] oxidant k Rate
2013

Iron oxides 4 1.5 µMa 148 M -1min-1 0.89 nM/min
Manganese oxide 4 6 µMb 436 M -1min-1 11 nM/min
Phototrophic sulfide bacteria 4 0.1 µEic 0.10 min-1 400 nM/min

2014
Iron oxides 10 1.5 µMa 148 M -1min-1 2.2 nM/min
Manganese oxide 10 2 µMb 436 M -1min-1 8.72 nM/min
Phototrophic sulfide bacteria 10 0.1 µEic 0.075 min-1 750 nM/min
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protein) and rate of sulfide oxidation (μM/minute) for laboratory enrichments of the 

Chesapeake Bay strain.   

 

 

 

Figure 4.8 Relationship between biomass and the rate of sulfide oxidation for the 
laboratory grown CB11 enrichment of phototrophic sulfur bacteria from 
the Chesapeake Bay.  

 

 In order to use the relationship in Figure 4.8 to determine biomass from the 

rates measured in situ in the Chesapeake, we use a rate constant calculated for 5 µEi, 

derived from the experimental data as above to correlate the in situ rate with the rate 

measurements obtained under laboratory conditions (30 μM sulfide, and 5 μEi light 
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intensity). With this rate, we then use the relationship between rate and biomass to 

calculate that the biomass of phototrophic sulfide oxidizers in the Chesapeake Bay is 

11 μg protein L-1 in 2013 and 20 μg protein/L in 2014. Protein was calibrated with 

bacteriochlorophyll e in order to make a direct comparison with the literature values 

reported as BChl reviewed in Van Gemerden and Mas (1995). It should be noted that 

under low light conditions, phototrophic sulfur bacteria may increase the efficiency of 

photosynthesis by increasing their pigment content (Broch-Due et al., 1978), and so 

BChl is not a direct measure of cell abundance. The ratio of BChl e to protein for 

CB11was determined to be 2.25, and from this we estimate that concentration of 

bacteriochlorophyll e in the Chesapeake Bay to be 24 µg/L in 2013 and 46 µg/L in 

2014. In other stratified environments, the density of phototrophic sulfide oxidizing 

bacteria can vary from 0.94 µg/L to 28 mg/L bacteriochlorophyll e. Higher 

concentrations are observed in permanently stratified lakes and in microbial mats, 

while lower concentrations are found in light-limited pelagic environments such as the 

Black Sea. Our estimate for the Chesapeake Bay falls in the lower portion of this 

range, consistent with the low light conditions in the water column. Another way of 

estimating the population size is to use published values of cellular protein content in 

marine bacteria (6-33 x 10-14 g cell-1, Zubkov et al., 1999). This leads to Chlorobi 

populations of ~1 x 108 cells L-1 in 2013 or 2 x 108 cells L-1 in 2014. Given a mean 

bacterial population size of 4 x 109 cells L-1 for the summertime Chesapeake Bay 

(calculated from data in Kan et al., 2006), the observed sulfide consumption rates 
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could be explained if CB11 type Chlorobi account for 3-5% of the total bacterial 

community. 

 Based upon these calculations, if the populations of PSOB present in 2013 and 

2014 were exposed to 0.1 µEi light (the lowest light intensity at which measurements 

of light-dependent sulfide oxidation were made), they could account for up to 97 % of 

the total sulfide oxidation in the Bay during the day in 2013, and 96 % during the day 

in 2014, indicating that sulfide oxidation at the oxic-anoxic interface would be 

dominated by biological oxidation via PSOB. The capacity of these bacteria for sulfide 

oxidation will be affected by changes in the interface depth and corresponding 

changes in light intensity, as demonstrated by the increase in the sulfide oxidation rate 

between 2013 and 2014, which is likely due to an increase in the PSOB population. 

Although the interface typically received less than 0.1 µEi light in 2013, its location in 

the water column was variable. This means that the sulfide oxidation capacity of the 

system could change on time scales of hours, as tides affect the depth of the interface 

(24); days, with diel light cycles; and months, as oxygen is depleted, and sulfide 

accumulates in the bottom waters (May – August).   
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4.4.6 Phototrophic Sulfide Oxidation in Other Systems 

 The rates derived from the kinetic experiments conducted shipboard are 

significant as they are one of the first reports of phototrophic sulfide loss rates in 

natural samples. Mandernack and Tebo (1999) measured an in situ sulfide loss of 240 

µM/day at the oxic/anoxic interface of the Framvaren Fjord (Norway); however 

noticed no difference between sulfide loss in the dark versus in the light. Both azide 

and DCMU inhibited sulfide removal 70 and 80% respectively. Guerrero et al. (1985) 

measured specific rates of CO2 uptake and H2S oxidation throughout the microbial 

plate in two stratified lakes, demonstrating sulfide limitation in the upper, and light 

limitation in the lower, portions of the bacterial layer. Similar experiments conducted 

in the Black Sea measured sulfide loss rates of 1.5-3.6 µM/day, but failed to 

demonstrate light dependent sulfide loss (Jørgensen et al., 1991), and experiments 

done by Luther et al. (1991) also supported anaerobic chemical, not biological, sulfide 

oxidation at the Black Sea suboxic zone. Glaeser and Overmann (2003) measured 

photosynthetic CO2 assimilation in consortia of phototrophic sulfur bacteria at low 

light intensities (0.4-1.1 µEi) in a holomictic lake, and Marschall et al. (2010) 

observed light dependent incorporation of bicarbonate at low light intensities (0.149 

and 0.055 μEi) in Black Sea samples in which bacterial cells had been concentrated. 

The activity of the bacteria became light saturated at 1 μEi, a finding similar to the 

results we present in this study from the Chesapeake Bay (Figure 4.4a, b, c). Based on 

calculated doubling times of GSB populations, Manske et al. (2005) attribute less than 

0.01 % of anaerobic sulfide oxidation in the Black Sea to phototrophic sulfide 
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oxidation. In contrast, we find here that small populations of PSOB could account for 

nearly all (96 – 97 %) of the observed anaerobic sulfide oxidation in the Chesapeake 

Bay.  

 It is well established that phototrophic sulfur bacteria are found in most 

environments in which sulfidic waters or sediments are located within the photic zone 

(Guerrero et al., 1985; van Gemerden and Mas, 1995; Overmann, 2008). More 

recently, viable phototrophic sulfide oxidizing bacteria have been found in extremely 

low light environments in the Black Sea (Overmann et al., 1992; Manske et al., 2005; 

Marschall et al., 2010), a hydrothermal vent at the East Pacific Rise (Beatty et al., 

2005) and a stratified lake: Lake Kinnaret (Rimmer et al, 2008). The consistent 

presence of PSOB in the light-limited water column of the Chesapeake Bay and 

observation of light-dependent sulfide loss in field samples adds to the growing 

evidence that phototrophic sulfide oxidizing bacteria may be a significant component 

of environments previously considered to be light-limited.  

4.5 Conclusions 

 Phototrophic sulfide oxidizing bacteria were found at and below the redox 

interface in the Chesapeake Bay in 2011 and 2013 at light intensities ranging from 

below the detection limit up to 0.271 µEi. Sulfide oxidation experiments conducted 

shipboard in 2012, 2013, and 2014 demonstrated light dependent sulfide loss similar 

to a previous finding from the Chesapeake (Luther et al., 1988). The rates obtained in 

these experiments are comparable with sulfide oxidation rates obtained in laboratory 
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experiments for enrichments of phototrophic sulfide oxidizers from the Chesapeake 

Bay. Sulfide oxidation activity of these bacteria was characterised by significant 

increases in the sulfide loss rate with small variations in light intensities (0.1-5 µEi) 

and photoinhibition at < 5 µEi.   

 The potential contribution of phototrophic sulfide oxidizers to sulfide oxidation 

was estimated to be up to 97 % in 2013 and 96% in 2014 during the day, indicating 

that these bacteria play a dominant role in mediating sulfide oxidation in the 

Chesapeake Bay sulfur cycle. Furthermore, these bacteria provide a mechanism for 

sulfide oxidation in anoxic waters. Using the rates of light dependent sulfide loss 

obtained in the field, and the relationship between rate and biomass obtained in 

laboratory experiments we calculate the concentration of phototrophic sulfide 

oxidizers in the Chesapeake to be 24 μg BCl e/L in 2013 and 46 µg/L in 2014.  

These results are significant for several reasons. First, we provide the first 

approximations of sulfide oxidation activity by PSOB in field samples and provide 

kinetic parameters under environmentally relevant light intensities and sulfide 

concentrations in the laboratory. Second, we demonstrate that phototrophic sulfide 

oxidizing bacteria are an integral component in the Chesapeake Bay sulfur cycle, and 

that their biological activity has important implications for sulfide removal in this 

system. Finally, the presence of PSOB below the photic zone and the observation of 

low-light dependent sulfide loss in both the lab and field indicate that PSOB could 

contribute to sulfide oxidation in environments previously considered to be light-

limited. 
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Chapter 5 

INVESTIGATION OF THE EFFECT OF REDOX VARIABILITY ON 
SULFIDE OXIDATION AT THE OXIC/ANOXIC INTERFACE OF A 

STRATIFIED ESTUARY USING A NUMERICAL MODEL 

 
Abstract 

 

 The decomposition of organic matter via sulfate reduction leads to the 

accumulation of sulfide in the sediments and bottom waters of many stratified 

systems. This sulfide is then oxidized via an array of biotic and abiotic reactions. A 

one dimensional diffusion-reaction model was developed and applied to four years of 

physical and chemical data from the stratified water column of the Chesapeake Bay in 

order to investigate sulfide oxidation in the Bay. These datasets and model simulations 

highlight both short-term and interannual variation in the physical structure and the 

distribution of key redox species (O2, H2S, S0, Fe2+, Mn2+, FeOOH, MnO2) throughout 

the water column. The model evaluates links between oxygen, sulfur, iron, and 

manganese cycling, and includes the novel consideration of the activity of 

phototrophic sulfide oxidizing bacteria, which are known to be a common component 

of the Bay. Model simulations demonstrate that phototrophic sulfide oxidation can 

account for over half of total sulfide oxidation, depending upon the depth of the 

oxic/suboxic/anoxic interface. The results of this study quantify the variable role that 

phototrophic sulfide oxidizing bacteria play in sulfide oxidation in the Chesapeake 



 179

Bay as the location of the oxic/anoxic interface within the water column, the incident 

light intensity, and the flux of sulfide to the interface vary.  

5.1 Introduction 

 Redox cycling in many systems is driven by the microbial decomposition of 

organic matter via a series of electron acceptors (O2 > NO3
- > MnO2 > FeOOH > SO4

2-

) (Froelich et al. 1979). The preferential use of oxygen results in the formation of three 

distinct zones: (1) the oxic, in which organic matter oxidation is carried out by 

oxygen, (2) the suboxic ([O2] < 3 µM; [H2S] < 0.2 µM), in which organic matter is 

oxidized primarily by nitrate, manganese oxides, and iron oxides, and (3) the anoxic, 

where sulfate reduction dominates. This succession of redox zones is ubiquitous in 

sediments, and is observed in the water column of density-stratified systems where 

oxygen consumption by decomposition exceeds reaeration, leading to the depletion of 

oxygen at depth (Diaz, 2001). Sulfide accumulates in these anoxic deep waters as a 

result of sulfate reduction. 

 Less than 20 % of the sulfide produced by microbial sulfate reduction is 

removed via sedimentary burial as pyrite (Jørgensen, 1982), meaning that the majority 

of sulfide is eventually reoxidized. The eight-electron oxidation of sulfide to sulfate 

occurs in multiple steps via a suite of chemical and biological processes, forming a 

wide array of intermediates (e.g. Sx
2-, S0, S2O3

2-). Sulfide oxidation has widespread 

environmental significance; for example, sulfide is toxic to aerobic organisms, causing 

problems such as fish kills (Luther et al., 2004). Additionally, intermediate species 
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such as elemental sulfur and polysulfides play a role in geochemical reactions like 

pyrite formation (Luther, 1991), and both sulfide and its oxidation intermediates are 

widely used in microbial metabolisms (Frigaard and Dahl, 2008, and references 

therein). Furthermore, the cycling of sulfur is closely connected to other elemental 

cycles, including those of manganese, iron, carbon, and phosphorus (Jørgensen and 

Nelson, 2004).  

 Due to the complexity of the sulfur cycle, the wide variety of potential 

oxidants for sulfide, and unknown turnover rates for intermediate species, 

measurement of products and reactants gives limited information about the specific 

processes that govern the observed distribution of sulfur compounds and other redox 

species. One tool by which the importance, impact, and rates of some of these 

processes may be assessed is the development of numerical models. Redox models 

have been developed and applied to a variety of sedimentary environments (Di Toro 

and Fitzpatrick, 1993; Wang and Capellan, 1996; Boudreau et al., 1998; Hunter et al., 

1998; Di Toro, 2000), and more recently, progress has been made in the application of 

such models to the water column, most notably to that of the Black Sea (Yakushev and 

Nerentin, 1997; Oguz et al., 2001; Konavolov et al., 2006; Yakushev et al., 2007). 

There remain, however, important processes that have not yet been quantified or 

added to models. 

 One of these processes is sulfide oxidation by phototrophic bacteria. Biological 

sulfide oxidation can occur at rates that are orders of magnitude higher than abiotic 

chemical oxidation (Luther et al., 2011), and phototrophic sulfide oxidizing bacteria 



 181

(PSOB) are commonly found at the oxic/anoxic interface of stratified fresh and marine 

water columns (Guerrero et al., 1985; Overman, 1992; Tonolla et al., 2003; Manske et 

al., 2005; Rimmer et al., 2008; Marschall et al, 2010). Despite their prevalence and 

expected impact, sulfide oxidation by PSOB has not been explicitly included in redox 

models or sulfide budgets to date due to a lack of kinetic information and uncertainty 

about how to parameterize their activity (Oguz et al., 2001). Yakushev et al. (2007) 

attributed measurements of dark CO2 fixation to phototrophic sulfide oxidation in a 

model of the Black Sea suboxic zone. They calculated that it accounted for 

approximately 30 % of total sulfide oxidation; however, this is not an accurate 

representation of phototrophic sulfide oxidation because PSOB cannot conduct 

photosynthesis in the dark.  

 In Chapter 4, the kinetics of sulfide oxidation under environmentally relevant 

light intensities and sulfide concentrations by a strain of Chlorobiaceae (CB11) 

enriched from the stratified water column of the Chesapeake Bay were described. In 

the study presented here, these data will be used to include sulfide oxidation by PSOB 

in the development of a one-dimensional model of the redox chemistry of the water 

column of a seasonally stratified estuary, the Chesapeake Bay. This model is applied 

to data collected over a four-year study in order to investigate sulfide oxidation in the 

Chesapeake Bay, with particular focus on the dynamics of phototrophic sulfide 

oxidation. 
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5.2 Methodology 

5.2.1 Field Sampling 

 Study Site. Physical and chemical characteristics were measured in the 

stratified water column of a shallow hole just south of the Chesapeake Bay Bridge 

(38°58.8′ N; 76°22′ E) in the mesohaline portion of the Chesapeake Bay during four 

sequential summers (27-30 July 2011, 17-19 August 2012, 9-13 August 2013, and 18-

22 August 2014) on the R/V Hugh R. Sharp. The hole is approximately 25 m deep, 4 

km long, and 0.8 km wide, bordered on the west by the main shipping channel and on 

the east by Kent Island (Lewis et al., 2007). In the summer, the water column 

stratifies, with an oxic surface layer and anoxic bottom waters that are often sulfidic. 

Unlike permanently stratified anoxic marine systems, such as the Black Sea that have 

a predictable water column structure that has developed over years (Murray et al., 

1995), the physical and chemical stratification of the Bay varies with short-term 

processes such as tides (Lewis et al., 2007), wind speed, and wind direction (Scully, 

2010); and with longer-term seasonal and interannual shifts in nutrient input, 

production, and rainfall (Hagy et al., 2004). Furthermore, the suboxic zone between 

the oxic surface and anoxic deep waters in the Chesapeake Bay is transient. During the 

flood and ebb tides, the top and bottom waters move with respect to each other, 

creating a shear interface between the oxic and anoxic layers, which decreases the 

extent of the suboxic zone (Lewis et al., 2007).  
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 Sample Collection. Samples were collected in Nalgene bottles either from 

Niskin bottles on the shipboard CTD or from Nalgene tubing attached to a plastic 

water pump. Sample collection and processing were rapid (< 10 minutes) in order to 

minimize redox changes in the samples. Salinity, temperature, and oxygen data were 

collected from the ship’s CTD sensor and used to plan sampling depths. PAR 

measurements were made using an in situ FIRe sensor (MacDonald et al., submitted), 

and chlorophyll was determined from the ship’s fluorometer. Chlorophyll 

concentrations were obtained by converting the voltage from the fluorometer on the 

ship’s CTD using the relationship outlined by Lorenzen (1966). 

5.2.2 In situ Water Column Chemistry 

 Profiles of oxygen and sulfide in the water column were made using in situ 

voltammetry (Luther et al., 2008). The electrode system consists of a 100 μm gold 

amalgam working electrode, a Ag/AgCl reference electrode, and a platinum counter 

electrode. In 2011, this system was interfaced to a DLK-SUB-II electrochemical 

analyzer attached to a metal cage that was suspended over the side of the ship. In 2012 

-2014, a DLK 100 potentiostat was used and measurements were made shipboard 

using a flow-through cell, which has been confirmed to preserve in situ speciation 

(Glazer et al, 2006; MacDonald et al., 2014). Voltage was applied from -0.1 V to -1.8 

V at a scan rate of 2000 mV/second. Using this method the detection limit is 3 μM for 

oxygen and 0.2 μM for sulfide and polysulfide.   
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5.2.3 Analytical Techniques 

5.2.3.1 Iron 

 Iron was determined spectrophotometrically using the ferrozine method of 

Stookey (1970). Analyses were conducted after sample collection and processing. 90 

mL of sample water were either poured unfiltered or were filtered via a 0.2 µm 

prefabricated Puradisc filter into a separate Nalgene bottle containing 90 µL of 12 M 

trace metal grade hydrochloric acid. The acid-fixed samples were allowed to sit for at 

least four hours prior to analysis, and all analyses were conducted in triplicate. Ferrous 

iron was determined by adding 3 mL of a 1:1 mixture of 0.01 M ferrozine and 6 M 

ammonium acetate buffer. After a waiting period of half an hour the absorbance at 562 

nm was read. In order to measure total iron, 250 µL hydroxylamine were added to 

reduce Fe3+ to Fe2+. The difference between the values for total iron and Fe2+ gives 

Fe3+.   

5.2.3.2 Elemental Sulfur 

 Samples for elemental sulfur were taken by filtering 30 mL of sample water 

through a 0.2 μm GTTP Millipore filter. The filtrate was extracted on the ship in 5 mL 

toluene for 1.5 hours. Prior to extraction, 15 μL concentrated HCl were added to the 

filtrate in order to eliminate sulfide as H2S gas. Filters were frozen and extracted in 

toluene overnight upon return to shore. Elemental sulfur was quantified on an HPLC 

using 98% methanol 2 % water as the eluent (Möckle, 1984; Yücel et al., 2010), which 
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was sparged with helium gas during the analysis. The pump speed was set to 1 

mL/minute, the detector set at 264 nm, and the peak for elemental sulfur from S8 was 

observed after approximately eight minutes.  

5.3 Model Design 

5.3.1 Description of Model 

 A one-dimensional diffusion-reaction model that consists of a series of partial 

differential equations was developed to quantify interactions between oxygen, sulfur, 

iron, and manganese in the water column of the Chesapeake Bay. A complete list of 

the chemical species included in the model is provided in Table 5.1. 

Table 5.1 Chemical species considered by the model 

Species Symbol State 

Oxygen O2 Dissolved 

Sulfide H2S* Dissolved 

Elemental sulfur S0 Solid 

Manganese(II) Mn2+ Dissolved 
Manganese(IV) oxides MnO2 Solid 

Iron(II) Fe2+ Dissolved 
Iron(III) oxides FeOOH Solid 

* For notation purposes, H2S refers to ΣH2S + HS- 
 
  

 Figure 5.1 depicts the conceptual framework of the model. As the model is 

designed to approximate the structure of the water column at steady state, lateral 

transport is ignored and only vertical transport of chemical species is considered. The 
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source of oxygen in the model is rearation at the atmosphere-water interface. Sulfide 

diffuses into the water column from the sediments, which are the primary location of 

sulfate reduction (Roden and Tuttle, 1993). This sulfide is oxidized chemically by 

oxygen, iron oxides, or manganese oxides; and biologically by phototrophic sulfide 

oxidizing bacteria. Reduced iron and manganese also diffuse from the sediments, then 

are cycled within the water column. Manganese is microbially oxidized by oxygen to 

form manganese(IV) oxides, which are chemically reduced by sulfide. Iron is oxidized 

by oxygen to form iron oxides, which are reduced by sulfide. Although 

microaerophilic iron-oxidizing bacteria have been enriched from the suboxic zone and 

likely mediate iron oxidation at low O2 concentrations when abiotic oxidation is slow 

(MacDonald et al., 2014), they are not explicitly considered in this model due to a lack 

of information about their kinetics.  
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Figure 5.1 Conceptual model of redox cycling in the water column of the Chesapeake.  

 

5.3.2 Reactions 

5.3.2.1 Redox Reactions 

 The following reactions were used to describe the processes depicted in Figure 

5.1. The stoichiometric equations and model representation of the reactions described 

below, as well as the values of kinetic parameters with references are summarized in 

Table 5.2 at the end of this section. 



 188

 Oxygen oxidizes organic matter, the kinetics of which are described by 

Michaelis-Menten kinetics (Bourdreau, 1992, equation 1 in Table 5.2).  

 
(1)  ௗሾைమሿ

ௗ௧
ൌ 	െ݇1	ݎ௢௖	ܥ௢௥௚ 	

ሾை2ሿ

௄ೀమାሾை2ሿ
 

 
Corg is the organic carbon concentration, which was calculated from chlorophyll 

assuming a ratio of 50 mg C per mg of Chl (Chapra, 1997). k1 is the rate constant for 

organic matter decomposition, roc is the ratio of oxygen consumed per unit carbon, 

which is 1 µMO2 µMC-1, assuming a Redfield ratio, and KO2 is the half saturation 

constant for oxygen.  

 All other redox reactions (equations 2-6 in Table 5.2) are treated as second 

order and represented by the form rate = -k[oxidant][reductant]. Oxygen abiotically 

oxidizes sulfide and Fe2+ via equations 3 and 4. For notation purposes, Fe3+ is assumed 

to be present as iron oxide particles and nanoparticles, and is represented in the model 

as FeOOH (Table 5.1). Although Fe2+ oxidation by oxygen is dependent upon pH, and 

is second order with respect to hydroxide concentration (Millero, 1987), the pH in the 

Chesapeake is relatively constant with depth (7.5 ± 0.5), and so equation 4 is treated as 

second order overall (Table 5.2).  

 Sulfide reduces FeOOH to Fe2+ and is oxidized to S0 via equation 5. Oxygen 

also oxidizes Mn2+ to MnO2 (equation 6). At the pH of the Bay all manganese 

oxidation is microbially mediated (Tebo, 1991). Manganese oxidation rates were 

measured in the field and are approximately an order of magnitude faster than those 
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measured in the Black Sea (B. Tebo, personal communication).  MnO2 is reduced by 

sulfide, which is oxidized to S0 (equation 7). 

 Elemental sulfur disproportionation is included via equation 8. Sulfur 

disproportionation is energetically favourable at sulfide concentrations < 1 mM and is 

microbially mediated (Canfield et al., 2005).  

5.3.2.2 Oxygenic Photosynthesis and Respiration 

 Photosynthesis and respiration are determined through the relationship 

correlating these processes to chlorophyll concentrations as outlined by Chapra (1997) 

(equations 9 and 10). 

(9)  ܲ ൌ  ሿሻ݈݄ܽܥϕLሺIሻሾ		ଶ଴ି்ߠ		௠௔௫ܩ		଴௔ݎ
 

where roa is the oxygen generated in µM mg Chla-1, Gmax is the growth rate, θ = 1.066, 

ϕL describes attenuation due to light intensity, T is temperature (26 oC), and Chla is the 

concentration of chlorophyll a in mg L-1. Respiration is calculated via equation 10 

 
(10) ܴ ൌ  ሿ݈݄ܽܥሾ		ଶ଴ି்ߠ		݇௥௔		଴௔ݎ

 
where kra is the respiration rate and all other parameters are as above.  

5.3.2.3 Anaerobic Phototrophic Sulfide Oxidation  
 
 Chapter 4 demonstrated that phototrophic sulfide oxidizing bacteria are a 

significant and common component of the sulfur cycle in the Chesapeake Bay. Even 

during periods where the redox interface lies beneath the photic zone, PSOB are likely 
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still present, and could become active when the light intensity is sufficient (e.g. 

Jørgensen, 1987).  

 Autotrophic phototsynthetic sulfide oxidation occurs via equation 8, forming 

elemental sulfur as an obligate intermediate (Chan et al., 2008; Chapter 3). The rate of 

sulfide oxidation by phototrophic bacteria is dependent on both light intensity and 

sulfide concentration (Guerrero et al., 1985). In order to parameterize PSOB activity, 

the model of phytoplankton growth described in Chapra (1997), based on the 

formulation presented by Di Toro et al. (1971) and used by Cerco et al. (1993) for the 

current Chesapeake Bay eutrophication models (equation 11) was adapted using the 

kinetic data determined in Chapter 4.  

 
,ܰ,௚ሺܶܭ (11) ሻܮ ൌ 	 kgሺTሻϕNሺNሻϕLሺLሻ 

 
kg is the growth rate, which is a function of T (temperature), N (nutrient 

concentration), and L (light intensity). kg(T) is the dependence of the growth rate upon 

temperature, ϕ(N) is the attenuation due to limiting nutrient or substrate 

concentrations, and ϕ(L) describes the attenuation due to diminishing light intensity. 

As the temperature of the Chesapeake Bay has a narrow range between years (24-27 

oC) and is consistent with the experimental conditions used for the determination of 

kinetic parameters, kg(T) is ignored. ϕ(N) is calculated by equation 12  

(12)  ϕNሺNሻ ൌ
ሾேሿ

௄ೞேାሾேሿ
 

where [N] represents the sulfide concentration ([H2S]) and KsN is the half saturation 

constant (Ks), which has a value of 14 ± 3.6 µM.  
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 Sulfide oxidation by the PSOB enriched from the Chesapeake Bay becomes 

saturated at very low light intensities. Thus, ϕ(L) is calculated using the equation 

proposed by Steele (1965) that describes attenuation of growth after a saturating light 

intensity (equation 13).  

(13) ϕLሺLሻ ൌ
ூሺ௭ሻ

ூೞೌ೟
	݁
ሺି	

	಺ሺ೥ሻ
಺ೞೌ೟

	ାଵሻ
	 

 
Where I(z) is light intensity and Isat is the optimum light intensity for growth as 

determined experimentally and has a value of 2.8 ± 0.52 µEi.  

 The activity of phototrophic sulfide oxidizing bacteria may then be described 

by the overall equation (equation 14) 

(14)  
ௗሾுమௌሿ

ௗ௧
ൌ 	െ݇8	

ሾுమௌሿ

௄ೞேା	ሾுమௌሿ
			
ூሺ௭ሻ

ூೞೌ೟
	݁
ሺି	

	಺ሺ೥ሻ
಺ೞೌ೟

	ାଵሻ
							 

 
The light profile for equation 14 is calculated via equation 15 
 

(15) Iሺzሻ ൌ  	ሻ	௭	݁ሺି௞೐ೣ೟	௜ܫ
 
where Ii is the incident light at the surface,  kext is the extinction coefficient as 

calculated for each year by MacDonald et al., (in preparation), and z is depth 

 

 

Table 5.2 Parameterization of biogeochemical processes considered by the model. 
Kinetic parameters were adapted from literature values (Fuji et al., 2002; 
Millero, 1991; Poulton et al., 2004; Tebo, 1991; Lewis and Landing, 1991; 
Oguz et al., 2001; Konavolov et al., 2006; Yakushev et al., 2007). Parameters 
for phototrophic sulfide oxidation were taken from Chapter 4. 
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5.3.3 Mass Balance Equations 

 The distribution of the modeled species (O2, H2S, S0, Fe2+, FeOOH, Mn2+, and 

MnO2) was calculated via the following set of partial differential equations (Table 

5.3), in which D is the vertical diffusion coefficient, W is the settling rate,  t is time, 

and z is depth. The first term on the right-hand side of the equation indicates vertical 

diffusion, followed by settling for solid species (S0, MnO2, FeOOH), and the kinetic 

data for the biological and chemical redox reactions are described above and detailed 

in Table 5.2. 

 

Table 5.3 Model equations. The equations are solved using finite differences. 
Parameter definitions are found in the above paragraph and Table 5.2.  

 
 

Mass Balance equations 
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5.3.4 Numerical Method 

 Equations 16-22 were solved using the method of finite differences (as in Oguz 

et al., 2001). Vertical integration was conducted for a 25 m water column discretized 

into 50 sections, giving a grid spacing of 0.5 m. Diffusion was solved using centered 

differences, the settling term was calculated using backward differences, and 

integration over time was calculated using forward differences. A time step of 0.01 

days was used for the solution, and the model was allowed to reach steady state with 

an integration time of 1000 days. The equations are solved using a programming script 

written in Python.  

 An O2 flux was set as the surface boundary condition assuming reaeration by 

equation 23.  

(23) ௗሾைమሿ

ௗ௧
ൌ 	݇௟௔		ሺ	ሾܱଶ௦௔௧ሿ െ ሾܱଶ௜ሿ	ሻ	/	ܪ							 

O2sat is the saturated oxygen concentration (260 µM at 25 oC, S = 15 ppt), O2i is the 

oxygen concentration for the first layer of the model, and kla is the rearation constant 

calculated via equation 24 (Thomann and Fitzpatrick, 1982).  

(24) ݇௟௔ ൌ ൬3.93	
ඥ௎బ
ுయ/ర 	൅ 	

଴.଻ଶ଼	௎ೢ
బ.ఱି଴.ଷଵ଻௎ೢି଴.଴ଷ଻ଶ	௎ೢ

మ

ு
൰ 									ܪ	

Uo is the average tidal velocity (set as 0.178 m s-1 after Xiong and Berger (2010)), Uw 

is the wind speed 10 meters above the surface (set at 5 m s-1 after Scully (2010)), and 

H is average depth (25 m). Using these parameters, a ka of 1.3 m d-1 was calculated.  

 For the bottom boundary condition, concentrations of Fe2+, H2S, and Mn2+ 

were set based upon linear extrapolation from the measured bottom water 
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concentrations, assuming that the sediments are the predominant source of reduced 

species. The imposition of these boundary conditions at the sediment-water interfaces 

allows the model to be decoupled from the sediments for simplicity. The initial 

concentration for all species in the water column was set to zero, and zero-flux 

conditions were set for the first grid spacing at the surface and bottom boundaries.  

5.4 Results and Discussion 

 The structure of the results section will be as follows. The physical and 

chemical characteristics of the water column will be described first for each of the four 

years of sampling. Some of these data have been presented previously (Chapter 3; 

Chapter 4) and are summarized briefly here as a means to provide context for the 

presentation and discussion of the modeling results that will follow. 
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5.4.1 Physical and chemical variability of the water column  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Representative profiles of key redox species (O2, H2S, total S0, unfiltered 

Fe2+, and unfiltered Fe3+) and density for (a) 2011, (b) 2012, (c) 2013, and 
(d) 2014.  

 

 (b) (a) 

(c) 
 

(d) 
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5.4.1.1 2011 

Figure 5.2a depicts the redox structure of the water column in 2011. Due to high 

spring rainfall and warm temperatures, the water column was stratified with 

temperature and salinity gradients resulting in a pycnocline starting between 4-5 

meters depth. Oxygen was depleted (< 3 µM) between 5-7 meters depth. Sulfide was 

present < 1 meter after the disappearance of oxygen, and often the oxygen and sulfide 

profiles overlapped. Sulfide concentrations increased with depth up to 100 µM. 

Elemental sulfur concentrations were up to 6 µM with peak concentrations at the 

chemical interface, and up to 90 % of elemental sulfur was < 0.2 µm at depth (Chapter 

3). Unfiltered Fe3+ dominated in the oxygenated surface water, peaking in the suboxic 

zone at concentrations up to 1 µM, and maximum concentrations of Fe3+ coincided 

with those of S0. In the deep water, unfiltered Fe2+ increased to concentrations up to 

3.5 µM.  

5.4.1.2 2012 

 In 2012, due to a dry spring, a pycnocline was not present, and as a result the 

water column was chemically more homogeneous than in 2011 (Figure 5.2b). Oxygen 

penetrated into the deep waters (≥ 22 m) and free sulfide was not detected in the water 

column. Trace amounts of FeS were measured in samples taken from suboxic waters 

above the sediment-water interface, so some sulfide may have been diffusing from the 

sediments. Despite the lack of detectable free sulfide, elemental sulfur was observed in 

the water column at concentrations up to 1.7 µM, comparable to those observed in the 
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oxic part of the water column in 2011 (Chapter 3). S0 was mainly in the > 0.2 µm 

fraction. Unfiltered Fe3+ concentrations were up to 1.5 µM at the top of the suboxic 

zone (22 m). Unfiltered Fe2+ concentrations up to 2 µM were located in the suboxic 

zone above the sediment-water interface.  

5.4.1.3 2013 

 Figure 5.2c shows the redox structure of the water column in 2013. A 

pycnocline was present in the water column, although located deeper than in 2011. 

The redox conditions changed throughout the four days of the study as the depth of 

oxygen penetration decreased from 16-17 m to 13 m on the final day. Along with the 

decrease in oxygen penetration depth, sulfide concentrations in the bottom waters 

increased from 15 µM up to 40 µM over the four days of sampling and sulfide was 

detected higher in the water column. Throughout the cruise, maximum concentrations 

of S0 (≤ 8 µM) were located at the base of the suboxic zone. A shift in elemental sulfur 

particle size occurred from the beginning to the end of the cruise, with elemental 

sulfur in the < 0.2 µm size fraction dominating in the beginning and in the > 0.2 µm 

size fraction dominating by the end of the cruise. Unfiltered Fe3+ concentrations were 

up to 0.65 µM, with peak concentrations at the top of the suboxic zone, directly above 

peak S0 concentrations. Unfiltered Fe2+ concentrations increased up to approximately 

5 µM with depth. 
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5.4.1.4 2014 

 A pycnocline was present between 10 – 12 meters depth in 2014 (Figure 5.2d). 

Oxygen was depleted by 8-10 m, and a large suboxic zone up to 3.5 m thick was 

present. Sulfide was detected between 12 – 13 m, and increased with depth to 

concentrations up to 75 µM. Despite the high sulfide concentrations, elemental sulfur 

was not as prevalent in 2014 as in previous years. S0 was detected in only 4 of 26 

samples at concentrations up to 0.19 µM, an order of magnitude lower than 

concentrations observed in previous years. Figure 5.2d shows the only water column 

profile obtained of elemental sulfur. Elemental sulfur in the > 0.2 µm fraction was 

present at 12 meters, and in the < 0.2 µm fraction at 14.2 and 19.6 m, and was not 

detected in the samples taken at 12.7 m, 13.0 m, and 13.4 m. In addition to this profile, 

one other measurement of 0.04 µM S0 (< 0.2 µm) was made in the deep waters (22.2 

m) in a separate profile. Polysulfides were detected in situ in 2014 at 15 m depth, 1-2 

meters below the appearance of sulfide. It is thus possible that the elemental sulfur 

measured in the deep waters was from S0 in polysulfides, which would degrade upon 

acidification of the samples (Kamyshny et al., 2004). Polysulfides are indicative of 

microbial sulfide oxidation as they were also observed in incubation experiments that 

year (Chapter 4) and are a known product of microbial sulfur metabolism (Frigaard 

and Dahl, 2008). Iron concentrations in 2014 were comparable to those measured in 

2011 and 2013 with unfiltered Fe3+ concentrations up to 1 µM at the interface, and 

unfiltered Fe2+ up to 4 µM at depth.  
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5.4.2 Modeling Results 

5.4.2.1 Model Calibration 

 The model developed in section 5.3 was applied to the datasets outlined above 

(section 4.1) in order to further explore the dynamics of redox cycling in the Bay. 

Prior to this application, the model was used to predict the salinity profiles from each 

year in order to ensure that the calculations for diffusion and the density structure of 

the water column were correct. Salinity profiles were used as a proxy for density 

because the halocline is the predominate factor controlling the density structure in the 

Bay. The diffusion coefficient was varied with depth, and surface and bottom 

boundary salinity concentrations were set and allowed to diffuse throughout the water 

column to steady state. The resulting modeled profiles correctly predict the observed 

salinity profiles, and it is over this physical structure that the model simulations for 

each year’s dataset were run. Figure 5.3 compares the modeled salinity profile to the 

salinity profile obtained from the CTD for each year of the study (2011-2014), and 

gives the diffusion coefficient used at each depth (minimum values are on the order of 

10-5 cm2s-1). Salinity profiles from both the beginning and end of the 2013 cruise are 

shown in order to model the shift in redox conditions described in section 5.4.1.3. The 

profiles shown in Figure 5.3 are important because this physical structure of the water 

column is what drives the chemical stratification and the distribution of 

biogeochemical processes.  
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Figure 5.3 Calibration to salinity (2011-2014). Minimum values for D are on the order 
of 10-5 cm2s-1 
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5.4.2.2 Application to Chesapeake Bay Dataset 

 Table 5.4 provides a summary of the parameters used for each model 

simulation. Representative datasets from 2011, 2012, and 2014 were used for the 

calibration and compared to model output. Due to the shift in redox conditions 

observed over the four days of the 2013 cruise, profiles from the first (2013a) and final 

(2013b) days were modeled separately for that year in order to allow investigation into 

the effect of this shift on sulfide oxidation and the activity of PSOB. For all model 

simulations, boundary concentrations of H2S, Fe2+, and Mn2+ were changed based on 

linear extrapolation of the observed profiles, and the extinction coefficient for light 

(equation 16) was calculated from PAR profiles for each year (MacDonald et al, in 

prep). The incident light intensity (Ii) was held constant for all years and was 

determined from an average of measured light intensities at high noon. All kinetic 

parameters outlined in Table 5.2 were held constant. 

 

Table 5.4 Parameters used for each model simulation. The concentration of H2S, Fe2+, 
and Mn2+ corresponds to the bottom boundary condition for those species. 

 
 
 

 

 

 

 

 

 

 

a Beginning of the cruise (data from 10 August 2013) 
b End of the cruise (data from 13 August 2013) 
 

[H2S] 
(µM)

[Fe2+] 
(µM)

[Mn2+]
(µM)

kext 

(m-1)
W 

(md-1)
Ii 

(µEi)

2011 80 4 10 1.01 2 1500
2012 1 3 5 0.93 2 1500
2013a 30 6 17 1.05 2 1500
2013b 45 5 10 1.05 2 1500

2014 80 5.5 10 1.17 2 1500
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 The results of the model simulations outlined above are shown in Figures 5.4 – 

5.8 for all species in Table 5.1 during each year. In the following section, first the 

accuracy of the modeled profile fit to each redox species will be assessed for each 

simulation. This will be followed by a discussion of (1) quantification of sulfide 

oxidation processes for each model simulation, including the impact of PSOB, (2) 

investigation into the dynamics of phototrophic sulfide oxidation, and (3) the 

distribution of sulfide oxidation processes in the water column of the Chesapeake Bay. 

The Mn2+ data in Figures 5.4 – 5.8 were generously provided by Andrew Madison, 

Shannon Owings, and Veronique Oldham; and MnO2 data were provided by Drs. 

Bradley Tebo and Matthew Jones. 
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Figure 5.4 Comparison of modeled and measured values in 2011.  
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Figure 5.5 Comparison of modeled and measured values for 2012.  
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Figure 5.6 Comparison of modeled and measured values for the first day of the 2013 
cruise.  
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Figure 6.7 Comparison of modeled and measured values during the end of the 2013 
cruise.  
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Figure 5.8 Comparison of modeled and measured values in 2014. Please note the 
change in scale for S0 from Figures 5.4 – 5.7. S0 concentrations were 
approximately an order of magnitude lower in 2014 than in the previous 
years. 
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5.4.2.2.1 Oxygen  

 The model does a good job predicting the depth of oxygen penetration for each 

of the four years, although it underestimates oxygen penetration in 2013a by one 

meter. Correct oxygen profiles were critical for the distribution of other species. In all 

simulations, the majority (> 90 %) of oxygen consumption in the oxic layer is by 

organic matter decomposition (Table 5.5), consistent with prior descriptions of 

Chesapeake Bay anoxia (Taft et al., 1980).  

Table 5.5 Depth-integrated consumption of oxygen for the entire water column 

a For the beginning of the cruise (data from 10 August 2013) 
b For the end of the cruise (data from 13 August 2013) 
 
 
 It should be noted that although the modeled oxygen profiles fit the data well, 

the model provides an oversimplified view because it predominately considers the 

dynamics of biological processes. In reality, physical as well as biological processes 

are important in regulating oxygen concentrations in the Chesapeake Bay. During ebb 

and flood tides, the top and bottom layers of the estuary are moving with respect to 

each other, creating turbulence at the boundary and mixing oxygen into the anoxic 

2011 2012 2013a 2013b 2014

O2 reactions
decomposition 99.7 96 93 99 99.7

respiration 0.28 0.24 0.16 0.26 0.25
sulfide 0.01 0 0.29 0.03 0.02

iron 0.01 1.5 0.86 0.08 0.00
manganese 0.04 2.2 5.5 0.18 0.01

% of total
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layer. Advection of oxygen at depth is important in the Chesapeake, contributing 

approximately 50 % of the total O2 input (Kemp, 1980). This is similar to the Black 

Sea, where horizontal inflow at depth of oxygen from the Bosporus Plume is essential 

for the oxygen balance (Konavolov and Murray, 2001). Finally, both wind speed and 

direction strongly influence the oxygenation of the water column and the depth of the 

oxic/anoxic interface (Scully, 2010). 

 O2 consumption in the suboxic zone. Figure 5.9 depicts the impact of 

equations 1, 3, 4, 6 and 10 on oxygen depletion in suboxic waters ([O2] < 3 µM). In 

this part of the water column, Mn2+ oxidation is a significant cause of oxygen 

depletion, accounting for 29 % of suboxic O2 consumption in 2011, dominating 

suboxic O2 consumption in 2012 (58 %) and 2013 (74 % and 54%), and accounting 

for nearly a quarter (23 %) of suboxic O2 loss in 2014. This result is consistent with 

the results of modeling experiments of the Black Sea suboxic zone that found 

manganese oxidation vital in order to recreate the proper extent of the suboxic layer 

(Oguz et al., 2001). Oxidation of iron accounts for up to 40 % of oxygen consumption. 

Sulfide oxidation represents less than 10 % of suboxic oxygen depletion in all 

simulations. Thus, sulfide does not directly represent a major sink for oxygen, 

consistent with the kinetics of sulfide oxidation by oxygen (Luther et al., 2011).  
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Figure 5.9 O2 consumption in suboxic waters ([O2] < 3 µM) (a) 2011, (b) 2012, (c) 
2013a, (d) 2013b, and (e) 2014. Please note that for (b) 2012, the shaded 
area designates the suboxic zone [O2] < 3 µM and the pie chart represents 
oxygen consumption processes in that zone. 
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5.4.2.2.2 Iron and Manganese 

 Fe2+ and Mn2+. The model does a good job predicting the observed Fe2+ and 

Mn2+profiles from the 2011 (Figure 5.4), 2013 (Figures 5.6 and 5.7), and the 2014 

(Figure 5.8) datasets. In 2012, the model struggles to reproduce the Fe2+ and Mn2+ 

profiles, underestimating concentrations in the oxic portion of the water column 

(Figure 5.5). Furthermore, the model does not predict the low concentrations of 

reduced iron in the oxic zone that are observed in the 2011 or 2013a profiles. The 

presence of Fe2+ in the oxic layer could be due to (1) turbulent mixing between the top 

and bottom layers during tidal flow, (2) surface deposition of reduced iron, or (3) 

microbial activity. None of these processes is explicitly considered in the model, and 

so it cannot precisely predict the observed profiles.  

 FeOOH and MnO2. In 2011, the modeled peak concentrations of both iron 

and manganese oxides were located one meter shallower than the observed peaks. For 

iron, this could be due to the activity of iron oxidizing bacteria in the suboxic zone, 

which would produce iron oxides at depths below peak abiotic production. For 

manganese, this could be due to the presence of significant quantities of Mn3+ in the 

water column of the Bay (Oldham et al., 2015), as the inclusion of Mn3+ in redox 

models has been demonstrated to be important in the accurate reproduction of 

manganese and iron profiles (Madison, 2012). In 2012, the modeled iron and 

manganese oxide peaks are again offset; however, in this case the model predicts peak 

concentrations occurring at depths 1 – 2 meters lower than those observed (Figure 

5.5). There are two potential explanations for the offset in the modeled MnO2 and 
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FeOOH profiles in the 2012 dataset. First, as mentioned previously, the model does 

not accurately predict the Fe2+ and Mn2+ profiles in 2012, which would result in a shift 

in the depth at which oxidation would occur. Second, it is likely that mixing along the 

sediment/water interface occurs due to tidal movement that could re-suspend settling 

particles, a process not included in the model. The model simulations for 2013a and 

2013b (Figure 5.6 and 5.7), accurately predict the location of both the iron and 

manganese oxide peaks. In the model simulation for 2014, the modeled MnO2 peak 

corresponds to the observed peak concentrations, although the model does not 

reproduce the MnO2 concentrations in the oxic zone (Figure 5.8). This MnO2 could be 

from a source not considered by the model, such as manganese released and oxidized 

during phytoplankton lysis (Madison, 2012) or from riverine input. The iron oxide 

peak in 2014 is again more shallow than the observed, similar to the 2011 simulation.  

5.4.2.2.3 Sulfide and Elemental Sulfur 

 Sulfide. As demonstrated in Figure 5.4, the model fits the observed profile of 

sulfide well in 2011. In 2012, sulfide was not detected in the water column; however 

in suboxic bottom waters, the presence of S0 and the detection of trace quantities of 

FeS in the suboxic waters above the sediment-water interface suggested that low 

concentrations of sulfide were likely fluxing from the sediments and oxidized rapidly, 

so a boundary condition of 1 µM sulfide was set for the 2012 simulation. The model 

correctly predicts the sulfide profiles for both datasets from 2013 (Figures 5.6 and 

5.7). The modeled sulfide profile is slightly overestimated for 2014 (Figure 5.8).  
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 Elemental sulfur. The model fit to the profiles of elemental sulfur in Figures 

5.4 – 5.8 is quite good. In 2011 (Figure 5.4) the model accurately predicts the location 

of peak elemental sulfur concentrations. In 2012 (Figure 5.5), the model estimates the 

depth of peak sulfur concentrations two meters deeper than the observed peak. There 

are several possible explanations for this. First, the modeled profiles of oxidized iron 

and manganese are also deeper than the observed profiles, as previously mentioned. 

Both manganese and iron oxides oxidize sulfide; thus this would contribute to the 

offset in the sulfur profile. Second, observed elemental sulfur could be forming from a 

process not considered by the model, such as the oxidation of FeS. In 2013 (Figure 5.6 

and 5.7) and 2014 (Figure 5.8), the model provides a good approximation of the 

elemental sulfur profile. The model does not predict the observed concentrations of 

elemental sulfur in the oxic zone in 2011, 2012, or 2013a, probably because this S0 

likely forms from sulfide released during organic matter decomposition, which is then 

oxidized (Chapter 3); a processes that is not included in the model. 

 Effect of PSOB on S0 profiles. The effect of PSOB on the profiles of sulfide 

and elemental sulfur was investigated by running the model simulation from 2011 

with the parameter for sulfide oxidation by PSOB (R8) removed from the calculation 

in equation 19. The results of these calculations are shown in Figure 5.10 compared 

with the results of the original simulation that included PSOB. In the model simulation 

without sulfide oxidation by PSOB, the elemental sulfur peak occurs three meters 

shallower than and at concentrations approximately half those produced by the model 

simulation with PSOB. Sulfide diffuses two meters higher into the water column, 
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indicating that anaerobic phototrophic sulfide oxidation may play a role in controlling 

the upward flux of sulfide to the oxic layer.  

 

 

  

Figure 5.10 Comparison of model simulation with PSOB (solid lines) and model 
simulation run without PSOB (dashed lines).  
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 Overall, the model is able to approximate profiles of key redox species from 

five datasets representing years with different physical and chemical conditions. In 

particular, the model accurately reproduces the observed profiles of elemental sulfur in 

the anoxic portion of the water column, indicating that sulfide oxidation, including 

that by PSOB is correctly calculated, and that the model can be used to investigate 

their impact on sulfide oxidation for each dataset.  

5.4.2.3 Interannual Variation in Sulfide Oxidation Processes 

 The impacts of each sulfide oxidation process for the model simulations shown 

in Figures 5.4 – 5.8 are given in Table 5.5. In 2011, sulfide oxidation by phototrophic 

sulfide oxidizing bacteria was the dominant process (53 %), followed by abiotic 

oxidation by manganese oxides (37 %). In 2012, phototrophic sulfide oxidation did 

not occur because light was completely attenuated in the anoxic water above the 

sediments, and sulfide was oxidized primarily by manganese (87 %) and iron (12 %) 

oxides. In 2013, manganese was the dominant oxidant for sulfide both in the 

beginning (90 %) and end (59 %) of the cruise. PSOB did not contribute to sulfide 

oxidation in the beginning of the cruise as the interface was located too deep to receive 

sufficient light. However, as a result of the three-meter shoaling of the oxic/anoxic 

interface (from 16 m to 13 m depth, Figures 5.6 and 5.7) PSOB comprised 3 % of 

sulfide oxidation in the simulation of the end of the cruise, emphasizing the highly 

dynamic nature of both the redox structure of the water column and sulfide oxidation 

processes. In 2014, manganese oxides (51 %) were the dominant sulfide oxidation 
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process, followed by oxygen (30 %) and PSOB accounted for 13 % of sulfide 

oxidation.  

Table 5.6 The depth-integrated rate of sulfide oxidation and percentage of total 
consumption of sulfide by each process considered by the model.   

a For the beginning of the cruise (data from 10 August 2013) 
b For the end of the cruise (data from 13 August 2013) 
 

 
 The results summarized in Tables 5.5 and 5.6 indicate that the majority of 

oxygen and sulfide consumption does not occur via the direct oxidation of sulfide by 

oxygen. Although present in lower concentrations than oxygen, iron and manganese 

play an important role in facilitating sulfide oxidation in the Bay, and connect redox 

cycling between the oxic and anoxic layers of the water column through a catalytic 

cycle. In this cycle, reduced iron and manganese are oxidized by oxygen (equations 3 

and 5), and in turn oxidize sulfide to regenerate the reduced metals (equations 4 and 

6). In this manner oxidizing potential is transferred from the oxic layer to the suboxic 

and anoxic layer, and this process has been demonstrated to control the flux of sulfide 

in other stratified inland bay systems (Ma et al., 2006). In the Chesapeake Bay, Fe2+ 

2011 2012 2013a 2013b 2014

µMd-1

% of 
total µMd-1

% of 
total µMd-1

% of 
total µMd-1

% of 
total µMd-1

% of 
total

Sulfide oxidation by 
oxygen 1.0 6.1 1.4 x 10-3 0.4 0.22 2.6 1.6 5.1 1.3 31

iron 0.61 3.7 4.6 x 10-2 12 0.64 7.5 10 33 0.25 6.2
manganese 6.1 37 0.32 87 7.7 90 18 59 2.1 51

PSOB 8.8 53 0 0 0 0 0.85 2.8 0.52 13
Total 16.5 0.37 8.6 31 4.1
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oxidation is likely both abiotic and biotic, as microaerophilic iron oxidizing bacteria 

have been enriched from the suboxic zone in the Chesapeake Bay (MacDonald et al., 

2014). These bacteria would increase the rate of iron oxidation in the suboxic zone, 

where O2 concentrations are low and the abiotic oxidation rate is slow, further fueling 

the catalytic cycle described above. Manganese oxidation by oxygen is completely 

biotic, and microbial manganese oxidation is crucial for the in situ generation of 

MnO2, as abiotic manganese oxidation does not occur below pH 9 (Stumm and 

Morgan, 1996). Thus, iron and manganese oxidizing organisms provide a critical link 

between oxygen consumption and sulfide oxidation in the Bay.  

 Another important aspect of Table 5.6 is that the rates of sulfide oxidation per 

day calculated by the model vary between the years and are consistent with the 

observed concentrations of elemental sulfur. Concentration maxima of elemental 

sulfur correspond to the balance of production and consumption rates, and not to the 

concentration of sulfide (Zopfi et al., 2004). The highest concentrations of S0 were 

observed in 2011 ([S0] ≤ 6 µM; H2S ≤ 100 µM) and 2013 ([S0] ≤ 8 µM; H2S ≤ 35 

µM). Although it is unknown what the consumption rate for sulfur was in this system 

for any of the years, the sulfide oxidation rates calculated for the 2011 and 2013b 

simulations were higher than in the other years. In contrast, the sulfide oxidation rate 

calculated by the model for 2014 was lower than in 2011 and 2013, corresponding to 

lower observed sulfur concentrations (Figure 5.2d). As the kinetic parameters did not 

change between years (Table 5.2), variation in these rates is due to differences in the 

density structure of the water column between years (Figure 5.3) that affect diffusion 
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of oxidants and reductants across the pycnocline. Diffusion across this interface will 

be slower across a sharper pycnocline as observed in 2014 than across a more gradual 

pycnocline, as in 2013 (Figure 5.2 and Figure 5.3).   

 In addition to changes in the production rate, another explanation for the low 

concentrations of elemental sulfur in 2014 may be high consumption rates. For 

example, sulfur-reducing bacteria may live within a bloom of PSOB (Overmann, 

1997). Other microbes also utilize elemental sulfur, such as the facultative anaerobe S. 

putrifaciens, which is capable of extremely fast sulfur metabolism and comprises up to 

80% of total culturable bacteria in similar stratified environments (Moser and Nealson, 

1996). Sampling in 2014 occurred later in the summer than in previous years, when 

the water column had been sulfidic for a longer period of time. A shift in microbial 

community composition has been documented throughout the seasonal oxic-anoxic-

oxic transition (Crump et al., 2007), and so microbial populations metabolizing sulfide 

oxidation intermediates such as S8 may be more important later in the stratification 

period, when they have had time to respond to changing water column chemistry. The 

model cannot currently be used to investigate these processes due to a lack of 

information about processes and rates of S8 consumption; however this would be a 

good addition to the model as more information becomes available.  
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5.4.3 Model Experiments Exploring the Dynamics of PSOB 

 In order to further investigate the dynamics of phototrophic sulfide oxidation in 

the Chesapeake Bay, several modeling experiments were conducted in which key 

parameters governing kinetics and light intensity were changed. All of these 

experiments used the model parameters from the 2011 simulation (Figure 5.3a, Table 

5.4) because the contribution of phototrophic sulfide oxidation was the highest in that 

year (Table 5.5). These experiments are discussed below, and the results are presented 

in Table 5.7, and Figures 5.11 – 5.12.  

5.4.3.1 Uncertainty in Kinetic Parameters for Phototrophic Sulfide Oxidation  

 A sensitivity analysis was conducted in order to determine the effect of 

uncertainty in the kinetic parameters for PSOB on the model output. The value of the 

half saturation constant (Ks in equation 15) is 14 ± 3.6 µM, and the saturating light 

intensity (Isat in equation 14) is 2.8 ± 0.52 µEi. Model simulations using the 

parameters from the 2011 dataset (Table 5.4; Table 5.7) were run with Ks and Isat ± 

one standard deviation. A low estimate of phototrophic sulfide oxidation was obtained 

using a saturating light intensity of 2.28 µEi and a Ks of 17.6 µM (Ks is a measure of 

the affinity of the enzyme for the substrate and a higher Ks indicates lower affinity). In 

this scenario, PSOB account for 46 % of sulfide oxidation at a rate of 6.9 µMd-1. 

Similarly, using a saturating light intensity of 3.32 µEi and a Ks of 10.4 µM, a high 

estimate was obtained in which PSOB account for 63 % of sulfide oxidation at a rate 

of 13 µMd-1. These results are compared with the original simulation in Table 5.7. The 
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near doubling in the sulfide oxidation rate between the minimum and maximum rate 

estimates demonstrates the importance of constraining these parameters with 

experimental data. 

5.4.3.2 Sensitivity of Phototrophic Sulfide Oxidation to Changes in Light  

 The effect of variation in the light intensity on phototrophic sulfide oxidation 

was investigated in three specific ways. First, using the parameters for the 2011 model 

simulation, the depth of the pycnocline was deepened. This allowed oxygen to 

penetrate deeper into the water column in order to explore how changes in the depth of 

the oxic/anoxic interface (as well as light intensity reaching the sulfidic zone) would 

affect the activity of PSOB. The results are summarized in Table 5.7. Shifting the 

interface one meter deeper in the water column caused a 25 % reduction in the original 

rate of sulfide oxidation by PSOB. Deepening the interface by two meters resulted in a 

40 % reduction in sulfide oxidation by PSOB. This experiment imitates the 

consequences of the short-term changes in in the depth of the oxic/anoxic interface 

such as those observed over four days during the 2013 cruise, as well those expected 

over hours, with wind or tidal variation (Lewis et al., 2007).  
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Table 5.7 Summary of model experiments varying kinetic parameters for PSOB and 
the depth of the pycnocline.  

 
  

 Two other experiments were conducted in order to further investigate the effect 

of changes in the light profile on PSOB. As phototrophic sulfide oxidation depends 

upon both light and sulfide, model simulations were run in which sulfide was held 

constant (20 µM) throughout the water column in order to isolate the effect of the 

small variation in the light profiles from each year (kext in Table 5.3) on sulfide 

oxidation. Figure 5.11a shows the calculated light profiles for each of the four years in 

units of logPAR. Slight variation of the light profiles resulted in changes up to a meter 

in the depth of maximum phototrophic sulfide oxidation (Figure 5.11b), reflecting the 

sensitivity of phototrophic sulfide oxidation to small variations in light intensity that 

was observed experimentally in Chapter 4.  

. 
 

 

Experiment

[H2S] 
(µM) kext

Ii 
(µEi)

Pycnocline 
depth

Isat 
(µEi)

Ks 
(µM)

H2S oxidation
rate (µMd-1)

Original simulation (2011) 80 1.01 1500 10 m 2.8 14 8.8
Sensitivity analysis - high 
estimate 80 1.01 1500 10 m 3.32 10.4 13
Sensitivity analysis -low 
estimate 80 1.01 1500 10 m 2.28 17.6 6.9
Interface - 1 m deeper 80 1.01 1500 11 m 2.8 14 6.6
Interface - 2 m deeper 80 1.01 1500 12 m 2.8 14 5.28
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Figure 5.11 Effect of (a) small variations in the light profiles from each year due to 
changes in the extinction coefficient on (b) the peak location in the water 
column of phototrophic sulfide oxidation when sulfide is held constant 
throughout the water column. Please note the depth scale is truncated in 
order to show detail.  

 

 

 Finally, the incident surface light (Ii in equation 15) was varied from 0 – 2000 

µEi in order to assess the effect of diel light variation on PSOB. All other parameters 

were used from the 2011 model simulation. The results of the experiment, shown in 

Figure 5.12, display a linear dependence of phototrophic sulfide oxidation upon 

surface light intensity because the light intensity at the interface only reaches a 

maximum of 0.2 µEi at 2000 µEi surface light intensity, well below the saturating 
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light intensity for PSOB in the Chesapeake Bay. Figure 5.12 indicates that the sulfide 

oxidation rate at the oxic/anoxic interface will change significantly throughout the day 

due to fluctuations in phototrophic sulfide oxidation activity.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Effect of changing the surface light intensity on phototrophic sulfide 
oxidation at the interface.  

 

 The results of the experiments detailed above (Table 5.7, Figure 5.11 – 5.12) 

highlight the effect that changes in light due to diel cycles and short-term tidal or 

wind-driven variations in the depth of the suboxic zone will have on sulfide oxidation 

in the water column due to the impact on PSOB. Furthermore, these results 

demonstrate that PSOB will play the most significant role in years in which oxygen is 
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depleted quickly, and the oxic/suboxic/anoxic interface is shallow. These conditions 

occur in years in which a large area of the water column is suboxic to anoxic and the 

health of the Bay is particularly poor (Boesch et al., 1991; MD DNR reports 2011-

2014), so the activity of PSOB has implications for the consideration of oxygen and 

sulfide dynamics for management strategies in these years.  

5.4.4 Effect of Water Column Redox Variability on the Distribution of Sulfide 
Oxidation Processes  

 
 The preceding discussion highlights the effect of the interannual and short-

term variability in the physical and chemical characteristics of the water column in the 

Chesapeake Bay on sulfide oxidation processes during four separate years. Thus far, 

the results have been presented chronologically in order to investigate important 

differences between years; however the redox scenarios exemplified by the datasets in 

Figure 5.2 - 5.8 also depict the progression from a more oxic to a more sulfidic water 

column as the degree of stratification increases. Figure 5.13 shows the distribution of 

sulfide oxidation processes for each model simulation arranged by the shallowing of 

the oxic/anoxic interface. The depth at which the light intensity is 0.1 µEi is indicated 

as it is the lowest light intensity at which measurements of phototrophic sulfide 

oxidation have been made in field and lab experiments from the Chesapeake Bay 

(Chapter 4). In this arrangement, 2012 represents an extreme example in which the 

water column is mostly oxic and the oxic/anoxic interface is deep, whereas 2011 

represents the opposite extreme in which the water column is primarily sulfidic and 
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the interface is shallow. PSOB are controlled by the opposing gradients of light and 

sulfide, and Figure 5.13 illustrates the response of PSOB to a progression of increased 

stratification, with the interface moving toward the photic zone. As the oxic/anoxic 

interface shoals and receives more light, the contribution of sulfide oxidizing bacteria 

to total sulfide oxidation increases (Figure 5.13, Table 5.6). Furthermore, the 

progression in Figure 5.13 not only emphasizes the degree of physical and chemical 

variability experienced by the Bay between years, but also mirrors the transition that 

will happen as stratification sets up and degrades each year.  

 

 

 

 

 

 
 
 
 
 
 
 
Figure 5.13 Distribution and rate of sulfide oxidation processes and oxygen as the 

interface moves up in the water column. The orange dashed line signifies 
the depth at which light intensity is 0.1 µEi. Note that different processes 
dominate sulfide oxidation at different depths (see text for further 
discussion). 
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 Another important feature of Figure 5.13 is that it demonstrates that although a 

specific sulfide oxidation process might dominate overall (Table 5.5), different 

processes are important at different depths. For example, in 2011, although 

phototrophic sulfide oxidation is the dominant process, manganese oxides dominate 

sulfide oxidation deeper in the water column, where the rate of phototrophic sulfide 

oxidation decreases due to light limitation. In 2012 and 2013a manganese oxides 

dominate sulfide oxidation at all depths; however, in 2013b, iron oxides dominate 

sulfide oxidation around 10 m, then oxidized manganese quickly takes over. In 2014, 

although phototrophic sulfide oxidation accounts for only 13 % of sulfide oxidation 

overall, it dominates at the surface of the sulfide oxidizing layer, followed by 

manganese oxides at depth (solid phases form, then settle into the anoxic zone). This 

zonation of sulfide oxidation processes is significant because it could act as a net, with 

each successive zone oxidizing the sulfide that is beyond the oxidation capacity of the 

zone below it. This also demonstrated the important of considering multiple sulfide 

oxidation pathways, because although they are interconnected, each of these processes 

will react differently to changes in the physics and chemistry of the water column.  

 A final consideration is that the transition depicted in Figure 5.13 has 

implications not only for the Chesapeake Bay and similar systems, but may also be 

applied conceptually to the chemical evolution of ancient to modern oceans. 

Approximately 1800 million years ago, the oxygenation of the atmosphere and 

subsequent increases in continental weathering led to increased seawater sulfate 

concentrations (Poulton et al., 2004). The higher sulfate concentrations resulted in 
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increased sulfate reduction and sulfide production, and ocean chemistry transitioned 

from anoxic and iron rich to anoxic and sulfur rich. Between 1800 and 700 million 

years ago, oxygenic phototosynthesis became more prevalent and the surface layer of 

the ocean became oxic, resulting in a chemically stratified ocean with an oxic surface 

and anoxic, sulfidic deep layer (Canfield, 1998). The depth of the oxic/anoxic 

interface would have retreated deeper into the water column as more oxygen dissolved 

into the surface layer. The Chesapeake Bay can be considered an analogue of the 

ancient ocean during the later period of this transition (Hanson et al., 2013), and 

Figure 5.13 illustrates the potential changes in the distribution and relative importance 

of biological phototrophic and chemical sulfide oxidation as ocean chemistry 

progressed towards the fully oxic oceans of the modern day. 

5.5 Conclusions 

 The redox chemistry of the stratified Chesapeake Bay water column was 

characterized in the field during four summers from 2011 - 2014. A one-dimensional 

diffusion-reaction redox model was developed and applied to these data in order to 

investigate the processes responsible for the distribution of key redox species (O2, 

ΣH2S, S0, Fe2+, Mn2+, FeOOH, MnO2) and the oxidation of sulfide. Chemical 

pathways for sulfide oxidation by oxygen, iron oxides, and manganese oxides were 

considered. The model also incorporates the oxidation of sulfide to elemental sulfur by 

PSOB, which was parameterized by adapting models of phytoplankton growth to 

phototrophic sulfide oxidation using the results of kinetic studies detailed in Chapter 4. 
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The model is able to accurately reproduce profiles of the previously mentioned redox 

species from five datasets representative of different physical and chemical conditions 

in the Chesapeake Bay.  

 The calculated contribution of PSOB to sulfide oxidation was found to be 

variable between model simulations. In 2011, PSOB accounted for 53% of sulfide 

oxidation. In 2012, PSOB did not contribute to sulfide oxidation, as the anoxic waters 

were only present at the sediment/water interface, well below the photic zone. In 2013, 

the oxic/anoxic interface was located deep in the water column; however, a shoaling 

of the interface observed over four days led to an increase in the contribution of 

phototrophic sulfide oxidation from 0 to 2.8 %. In 2014, the oxic/anoxic interface was 

higher in the water column and PSOB accounted for 13 % of sulfide oxidation. Further 

modeling experiments that changed the location of the pycnocline within the water 

column led to significant changes in the sulfide oxidation rate by PSOB (25 % 

decrease for a one meter deepening of the interface and a 40 % decrease for a two 

meter deepening). Variation in the light profile between 2011 – 2014 resulted in 

fluctuations of up to a meter in the ideal depth of phototrophic sulfide oxidation. 

Investigation of the distribution of sulfide oxidation processes revealed that different 

processes dominated at different depths, creating zones of sulfide oxidation that could 

act as a net for sulfide flux to the oxic layer. 

 These results are the first inclusion of PSOB activity into redox models, and 

quantitatively illustrate the important, but highly variable effect that PSOB have on 

redox conditions in the environment. Furthermore, the datasets and model simulations 
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for each year provide examples for the evolution of the Chesapeake Bay water column 

from more oxic to more sulfidic. Taken in reverse, this progression provides insights 

into potential changes in sulfide oxidation that occurred during the transition in ocean 

chemistry from the anoxic/sulfidic ancient oceans to the oxic modern oceans. 
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Chapter 6 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 
The chemical cycle of sulfur in the environment is complex and often is linked 

with both trace metal chemistry and microbial processes. The oxidation of sulfide has 

importance implications for modern environments, where sulfide plays a variable role 

either as a toxin, as a ligand for reduced metals, or for fuel for microbial metabolism; 

as well as for deepening understanding of how ancient oceans functioned. The work 

presented in this dissertation has focused on the formation of metal sulfide particles 

and nanoparticles, initial oxidation of sulfide to form elemental sulfur and the size 

fractionation of elemental sulfur in the environment. The work described in the above 

chapters represents one of the first studies to integrate chemical, biological, and 

modeling approaches in order to understand the relative importance of different sulfide 

oxidation processes and size fractions of zero-valent sulfur and metal sulfides in the 

environment. Below, the major findings of this study are highlighted and questions 

that remain for future study are posed.  

6.1 Metal and Sulfur Dynamics in Buoyant Vent Plumes 

 Chapter 2 presented a study of sulfur and metal sulfide particle dynamics in the 

early stages of buoyant hydrothermal vent plumes (< 1.5 meters from the 
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orifice), and highlighted the importance of variations in vent fluid composition in 

controlling the partitioning of metals into sulfides and other particles in the initial 

mixingzone. Specifically, differences in metal associations in the Rainbow plume 

suggest the formation of different precipitates than at TAG or Snakepit due to the low 

sulfide and high iron concentrations in the Rainbow vent fluid. Nitric acid-extractable 

metals were found in the < 0.2 µm fraction at all three vent sites, indicating their 

incorporation into nanoparticulate pyrite. This is significant because it means that 

trace metals in addition to iron will be stabilized in these nanoparticles, and could be 

dispersed to the larger oceans.   

 There are still many unanswered questions concerning the chemistry of metals 

in vent plumes and their distribution to the oceans. It is only recently that metal sulfide 

nanoparticles have begun to be studied in vent fluid (Yücel et al., 2011) and buoyant 

plumes (Gartman et al., 2014; this work); however new results from GEOTRACES 

work indicate that high dissolved iron concentrations in the deep oceans are associated 

with the TAG hydrothermal plume (Sedwick et al., 2014). Thus, further investigations 

of size-fractionated particles in the vent fluid, the rising plume, and the neutrally 

buoyant plume are needed in order to determine the impact of hydrothermal venting 

on marine trace metal budgets.   

 Another major question that remains from this study is the role of metal-

containing nanoparticles other than sulfides. Specifically, results from Chapter 2 

strongly suggest the formation of iron silicates through reverse weathering in the 

buoyant plume. This would have further implications for estimating the transport of 
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iron from vent plumes, as silicate particles would behave differently from sulfide or 

oxide particles. Moreover, the observation of reverse weathering in hydrothermal 

plumes would be novel and highly significant.  

6.2 Nanoparticulate Elemental Sulfur  

In Chapter 3, size-fractionated elemental sulfur was documented in both the 

water column of the Chesapeake Bay and in buoyant hydrothermal vent plumes along 

the Mid-Atlantic Ridge. In particular, nanoparticulate (< 0.2 µm) elemental sulfur was 

found to be a significant constituent of both environments. In the Chesapeake Bay, the 

oxidation of sulfide to elemental sulfur is both chemical and biological; and 

manganese oxides represent an important abiotic pathway for sulfide oxidation. 

Furthermore, a novel strain of phototrophic sulfide oxidizing bacteria was found in the 

sub and anoxic waters of the Chesapeake Bay, and demonstrated to produce 

nanoparticulate elemental sulfur as a product of sulfide oxidation. In the first meter of 

buoyant plumes, sulfide oxidation is expected to be abiotic due to the high 

temperatures and flow rate. Here, an iron catalytic cycle in which Fe2+ is oxidized by 

oxygen to Fe3+, which then oxidizes sulfide to S0, regenerating Fe2+, can account for 

all elemental sulfur observed in this portion of the plume. The presence of 

nanoparticulate (< 0.2 µm) elemental sulfur in both systems is significant as they 

represent two distinct environments governed by different sulfide oxidation processes. 

This indicates that nanoparticulate S0 is formed by both abiotic and biotic sulfide 

oxidation. 



 241

The presence of nanoparticulate elemental sulfur raises interesting questions 

regarding the speciation and reactivity of zero-valent sulfur in the environment. 

Nanoparticles may behave differently than their bulk mineral counterparts due to 

changes in structure, high surface area to volume ratio, and small size (Hochella et al., 

2008). Nanoparticulate S0 thus may have different reactivity than bulk S8, which 

would affect its role in geochemical reactions such as pyrite formation, or in microbial 

processes such as reduction, oxidation, or disproportionation. The observation of 

nanoparticulate sulfur in both the Chesapeake Bay and bouyant vent plumes indicates 

that it forms via both abiotic and biotic processes; however it is unknown whether 

there is a difference between the speciation of sulfur found in the vent plumes and that 

in the Chesapeake Bay, as in addition to any size-related changes, biologically 

produced S0 is also known have different characteristics than bulk S8.  

6.3 Light Dependent Sulfide Oxidation 

Sulfide oxidation in the Chesapeake Bay was investigated in more detail in 

Chapter 4. Specifically, this part of the study aimed to answer questions raised by 

work done by Luther et al. (1988), which demonstrated light-dependent sulfide 

oxidation in bottom water samples from the Chesapeake Bay. This sulfide oxidation 

activity appeared to be biological as it was halted upon treatment of samples with 

formaldehyde; however, it remained unclear what process was responsible for the 

observed activity.  
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In order to elucidate sulfide oxidation processes, a series of kinetic 

experiments was conducted using water samples from the anoxic/sulfidic portion of 

the water column. In these experiments, small increases in very low light intensities 

resulted in significant changes in the rate of sulfide loss. Treatment of samples with 

DCMU to inhibit oxygenic photosynthesis did not affect sulfide loss; however 

treatment with formaldehyde caused significant reduction in sulfide loss. These 

experiments strongly suggested that PSOB were responsible for the observed light-

dependent sulfide oxidation.  

 Additional experiments were conducted in the laboratory using the enrichment 

cultures of PSOB (CB11) presented in Chapter 3. These experiments quantified the 

effects of biomass, sulfide concentration, and light intensity on the specific rate of 

sulfide oxidation by these bacteria. The kinetic parameters (Vmax and Km) that were 

determined are in good agreement with those of other strains of green sulfide 

oxidizing bacteria. Photo-inhibition of sulfide oxidation occurred at very low light 

intensities (approximately 3 µEi). Calculations based on both sets of experiments 

estimated that Chlorobi need only comprise 3 – 5 % of the overall microbial 

community in the water column in order to account for all light-dependent sulfide loss. 

There are several noteworthy aspects of the study that deserve further 

attention. Light dependent sulfide oxidation was observed in four separate years, over 

several decades (1987, 2012, 2013, and 2014), indicating that it and PSOB are a 

common component of the Chesapeake Bay system in years with very different redox 

conditions. This leads to the question of whether the community of sulfide oxidizing 
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bacteria changes significantly between years or throughout the onset or degradation of 

stratification. For example, a complete shift in the microbial community from 

phototrophic to chemotrophic after mixing of the lake was recently observed in Lake 

Rogoznica (Pjevac et al., 2015). A similar shift in the phototrophic community from 

purple sulfur bacteria to green sulfur bacteria was documented in Lake Cadango due to 

disturbances in the chemocline (Decristophoris et al., 2009). Additionally, the 

presence of other sulfur-metabolizing bacteria in the water column, would aid 

understanding of the cycling of other sulfur species such as nanoparticulate elemental 

sulfur. 

Furthermore, the dark uptake of sulfide observed in laboratory experiments has 

interesting implications. It is unknown whether the cells are actively taking up and 

storing sulfide or if it is a passive process, as sulfide diffuses readily into the cell 

(Riahi, 2014). In either case, this may be important ecologically, as it would allow the 

bacteria to acquire sulfide in deeper waters, then to move up in the water column to 

higher light intensities in order to oxidize this sulfide. This would be particularly 

important in systems with a large suboxic zone separating the sulfidic layer from the 

photic zone (e.g. the Chesapeake Bay in 2014).  

6.4 Redox Model of the Chesapeake Bay 

In Chapter 5, a one dimensional diffusion-reaction model of the Chesapeake 

Bay water column was developed. The purpose of this model was to assess the effect 

of observed variability in stratification and redox conditions on sulfide oxidation by 
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PSOB. The activity of PSOB was included using an algae growth model adapted with 

the kinetic parameters determined experimentally in Chapter 4. Model simulations of 

five datasets taken from four separate years of field sampling provided examples of 

different physical and chemical conditions in the water column. These simulations 

demonstrated that the contribution of PSOB to sulfide oxidation was strongly 

dependent upon the location of the oxic/anoxic interface in the water column, which 

affects the intensity of light reaching it.  

 The redox model developed in this chapter provides a foundation for further 

modeling studies, and there are several important additions that may be made to the 

model in order to create a more accurate and versatile representation of the 

Chesapeake Bay water column. Due to the quantity of chemical and biological data 

collected during the four-year study, the role of other chemical reactions, such as 

between Fe and MnO2, and the inclusion of Mn3+ cycling, or microbial processes, such 

as iron oxidation or manganese oxidation, could be added and explored.  

6.5 The Role of Nanoparticles, Trace Metals, and Microorganisms in Sulfur     
Cycling  

 
This dissertation investigated key aspects of sulfur cycling along redox 

gradients by integrating chemical, biological, and numerical approaches. In particular, 

this work has highlighted the important role of nanoparticles (both metal sulfides and 

elemental sulfur) and different sulfide oxidation processes in two very distinct marine 

environments. Although they have variable physical, chemical, and biological 
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characteristics, the Chesapeake Bay and buoyant vent plumes are similar in that each 

contains a redox interface along which sulfur is dynamically cycled and in which 

nanoparticles are a significant component. These findings illustrate the importance of 

considering two aspects of environmental studies that are only beginning to be 

explored: (1) the composition of the operationally-defined “dissolved” fraction, and 

(2) the role of fundamental reaction steps in overall biogeochemical processes (Luther, 

2010). Further research in both of these areas will enhance our understanding of 

complex and dynamic marine environments past and present; and will provide insight 

for potential future changes.  
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Appendix A 

SULFIDE OXIDATION KINETICS IN RSC1 

A.1 Methods 

A.1.1 Culturing Procedure 

 Cultures of RSC1 were started by transferring 5 mL of a densely grown starter 

culture into a 100 mL septum vial containing anoxic media (get media comp), which 

was pressurized to 10 psi with ultrahigh purity argon gas and incubated in the dark for 

forty-five minutes. The vial was then place in a water bath set at 27˚C and cells were 

grown for forty hours under 20 μEi light provided by 60 W full-spectrum bulbs. At the 

end of the growth period cells were washed with HEPES buffer (0.1M, pH 7.4) and 

centrifuged three times for 10 minutes at 6000 rpm. Once washed, the cells were 

stored in anoxic HEPES buffer in order to be used in experiments. Anoxic conditions 

were maintained throughout the washing and transfer steps through the use of a 

glovebag purged with argon gas. Biomass measurements were done using the 

Bradford protein assay (Bradford 1976). In order to prepare the sample for the protein 

assay, 1 mL cells were centrifuged at 16 xg for one minute. At this time half of the 

supernatant was decanted and the cells were spun again for another minute. The 

remainder of the supernatant was decanted, and the pellet was re-suspended in 1 mL 

methanol and incubated in the refrigerator for ten minutes before being centrifuged for 
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five minutes. The methanol was decanted and the pellet was frozen for up to two 

weeks. To make the protein measurement the pellets were thawed and resuspended in 

half a milliliter NaOH (0.25M) for 10 min, after which 0.5 mL HCl (0.25M) was 

added to neutralize the suspension. This solution was diluted and 200 μL diluted 

sample were added to 600 μL KPO4
2- buffer and 200 μL dye. After 30 minutes the 

absorbance at 594nm was read and converted to protein.  

A.1.2 Experimental Procedure 

A.1.2.1 Analytical Methods 

 Solid state voltammetry using a 100 μm gold amalgam working electrode, a 

Ag/AgCl reference electrode, and a platinum counter electrode (Brendel and Luther 

1995) was applied to monitor sulfide loss in experiments.  Experiments were set up in 

a capped thermo-statted electrochemical cell with ports for the electrodes and for 

purging with argon gas to remove oxygen from the buffer. The electrodes were 

connected to a DLK 60 potentiostat (Analytical Instrument Systems, (AIS) Inc.) run 

by AIS software.  Voltammetric scans are run every nine seconds at 2V/second from -

0.1 V to -1.8 V with a two step conditioning process and stirring of the solution in 

between. Voltage is held at 0.9 V for five seconds to remove any sulfide from the 

electrode surface, and at -0.1 V for two seconds.  Sulfide reacts via equation 1, giving 

a peak at -0.7 V under these experimental conditions.   

(1) HgS + H+ +2e-  HS- + Hg 
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The current is converted to concentration using standard additions of sulfide. 

Stock solutions of HEPES and sulfide are made from salts dissolved in deoxygenated 

deionized water. Na2S salts are washed and dried in order to remove the oxidized layer 

prior to use in making sulfide solutions.   

A.1.2.2 Experimental Methods 

 A forty-eight hour growth curve (Figure A.1) was done in order to ensure that 

cells are harvested during log phase growth. Cells were cultured following the 

procedure outlined above, and subsamples of the culture were taken for protein 

measurements throughout the experiment.  

 

 

 

 

 

 

 

 

 

 

 
Figure A.1 Growth curve for RSC1 
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 Kinetic experiments were conducted at 26 ˚C in 20 mL HEPES buffer (0.1M, 

pH 7.4) that were added to the electrochemical cell and purged of oxygen for four 

minutes. After the solution was anoxic, the appropriate quantity of cells was added, 

and sulfide was spiked in. Experiments were run over the course of an hour with 

sulfide loss tracked by the electrochemical method outlined above. Light intensity was 

monitored using a LI-COR Biosciences LI-1400 light meter and was provided by a 

desk lamp equipped with a 60 W full spectrum bulb.  Light was manipulated by 

attaching the lamp to a variac.   

 Biomass, sulfide concentration, and light intensity were individually 

manipulated, and all experiments were conducted in triplicate. Experiments conducted 

varying biomass were run at under 5μEi light intensity and with 30μM sulfide.  

Sulfide concentration experiments were also conducted under 5 μEi light. Sulfide 

concentrations used were 5, 15, 25, 50, and 75 µM.  For these experiments, 0.5 mL 

cells was used to remain between 0.025 and 0.07 mg protein in each experiment, 

which is within the linear range of a plot of protein normalized rate vs. biomass 

(Figure A.2).  
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Figure A.2 The effect of biomass on the rate of sulfide loss.  
 

 

 Dark rates were also obtained for varying sulfide concentrations (5, 15, 25, 50, 

75 μM) and were subtracted from the overall rates obtained for each sulfide 

concentrations. 0.5mL of cells was used in each experiment, retaining the protein 

between 0.025 and 0.058 mg in the experiment.  For these experiments, lab lights were 

turned off, the electrochemical cell was covered in aluminum foil, and a box was 

placed over the setup.  The light meter confirmed that no light penetrated this set up.  

Experiments were done varying light intensity from dark (0 μEi) to 15 μEi. These 

experiments were run using 0.5 mL of cells (0.031-0.55 mg protein) and 75 μM 
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sulfide.  Lights in the lab were turned off, a cardboard box was placed around the 

electrochemical setup and light source to ensure that light intensity did not fluxuate 

while the experiments were progressing.   

A.2 Results 

 Figure A.3a shows the rate variation over a range of sulfide concentrations. 

These kinetics were found to fit the Michaelis-Menten model, with a vmax of 44.7 

µM/minute/mg protein and a half saturation constant (km) of 39.2 µM.  In order to 

obtain a more accurate estimate of the kinetic parameters, the data were then plotted 

on a Lineweaver-Burke plot (Figure A.3b). Using this method, a vmax of 50 

µM/minute/mg protein and a km of 26.3 µM were obtained, which are similar in 

magnitude to the parameters determined from the Michaelis-Menten plot.  

 The effect of light intensity on the sulfide oxidation rate is shown in Figure 

A.4.  Similar to the data for the Chesapeake Bay strain, small increases in light 

intensity lead to significant changes in the sulfide oxidation rate.  There is also a dark 

rate of 19.9 µM/minute/mg protein, and the rate appears to become saturated after 2 

µEi Furthermore, the dependence on light is demonstrated again in a plot of rate 

versus protein in the experiment (Figure A.2) which shows an exponential decrease in 

protein normalized rate with increasing biomass. The decrease in the specific rate with 

increasing biomass is likely due to the subsequent increase in light attenuation within 

the electrochemical cell in which the experiments are conducted.   
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Figure A.3 (a) Michaelis-Menten plot of sulfide oxidation kinetics in RSC1. (b) 
Lineweaver-Burke transformation of the data in (a). 
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Figure A.4 Effect of light intensity on sulfide oxidation kinetics in RSC1.  

 

A.3 Comparison to Other GSB 

 The maximum rate for RSC1 is approximately the same as that ascertained for 

the Chesapeake Bay strain using the substrate inhibition model (Chapter 4, Table 4.3).  

Similar values for vmax indicate that the enzyme systems in use have a similar turnover 

rate (Berg et al., 2002). The km values for RSC1 are higher than those of the 

Chesapeake Bay strain, indicating weaker enzyme-substrate binding for RSC1.   
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Appendix B 

COMPUTER CODE FOR CHESAPEAKE BAY MODEL 

 
import numpy as np 
from scipy.integrate import odeint 
import matplotlib.pyplot as plt 
import csv 
 
print 'running model simulation for 2011' 
 
nspecies = 7 
nrxns = 8 
 
#Initial conditions (uM) 
O2sat =  input(Please enter the saturated O2 concentration: ') 
H2Sit = input(Please enter an initial H2S concentration: ') 
Fe2it = input(Please enter an initial Fe2 concentration: ') 
Mn2it = input(Please enter an initial Mn2 concentration: ') 
 
#Parameters for P & R 
Ii = 1500 #uEi 
T = 25 #deg C  
 
#Parameters for PSOB 
Isat = 3 #5 uEi 
Ks = 14 #10 uM 
 
kO2 = 3 
kL = 1.4 
 
#Solution parameters 
N = 50  # number of points to discretize 
L = 25.0 # total depth (m) 
Z = np.linspace(0, L, N) # depth position 
h = L / (N - 1) 
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tfinal = 10000.0 #days 
Ntsteps = 1000000  
dt=tfinal/(Ntsteps-1) 
 
t = np.linspace(0.0, tfinal, Ntsteps) 
 
#Kinietic parameters (uM-1 d-1) 
k1 = 0.1 
k2 = 0.05 
k3 = 0.1   
k4 = 0.2 
k5 = 0.5 
k6 = 1 
k7 = 0.01 
 
k_ext =  input(Please enter the extinction coeficient for light: ') 
W =  input(Please enter a sinking rate: ') #sinking, m d-1 
 
#Make an array for D (m2 d-1) 
D=np.zeros(50) 
D[0:] =  
D[:50] =  
 
alpha = D[0] *dt / h**2 
if alpha > 0.25: 
    raise Exception, 'Does not satisfy requirements for numerical stability. 

Change dt or D' 
print dt 
 
C_zt=[] #container for timesteps 
C = np.zeros((nspecies, 50))  
C_zt +=[C] 
 
#Make an array for light, photosynthesis and respiration 
I = np.zeros(50) 
Chl = np.zeros(50) 
Corg = np.zeros(50) 
for d in range(len(Z)): 
    I[d]=Ii * np.exp(-k_ext * Z[d]) 
    Chl[d] =  #Chl in mg/L 
light = I 
Corg = Chl * 4200 #C in uM 
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#plt.plot(Corg, -Z) 
#plt.show() 
 
for j in range(1, Ntsteps): 
    N = np.zeros(C.shape) 
     
    N[0,0] =  kL * (O2sat - N[0,1]) 
    N[1,-1] = H2Sit 
    N[3,-1] = Fe2it 
    N[5, -1] = Mn2it 
 
    P = 10.25 * Chl[1:-1] 
    R = 1.025 * Chl[1:-1] 
    R1 = k1 * Corg[1:-1] * (C[0,1:-1] / (kO2 + C[0,1:-1])) 
    R2 = k2 * C[0,1:-1] * C[1,1:-1]  
    R3 = k3 * C[0,1:-1] * C[3,1:-1]  
    R4 = k4 * C[1,1:-1] * C[4,1:-1]  
    R5 = k5 * C[0,1:-1] * C[5,1:-1] 
    R6 = k6 * C[1,1:-1] * C[6,1:-1] 
    R7 = k8 * C[2,1:-1]  
    R8 = C[1,1:-1] / (Ks + C[1,1:-1]) * ((light[1:-1] / Isat) * np.exp(-light[1:-1] / 

Isat + 1 )) 
  
     
    N[0,1:-1] = (D[1:-1] *dt / h**2 * C[0,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 

C[0,1:-1] + D[1:-1] *dt / h**2 * C[0,0:-2]) + ((P - R - R1 - 0.5 * R2 - 0.5 * R3 - 0.25 * 
R5) *dt) #O2 

    N[1,1:-1] = (D[1:-1] *dt / h**2 * C[1,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 
C[1,1:-1] + D[1:-1] *dt / h**2 * C[1,0:-2]) + ((- R2 - R4 - R6 + 0.5 * R7 - R8) *dt) 
#H2S 

    N[2,1:-1] = (D[1:-1] *dt / h**2 * C[2,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 
C[2,1:-1] + D[1:-1] *dt / h**2 * C[2,0:-2]) + ((R2 + R4 + R6 - R7 + R8) * dt) - (W * 
(C[2,1:-1]- C[2,0:-2]) * dt)#S0 

    N[3,1:-1] = (D[1:-1] *dt / h**2 * C[3,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 
C[3,1:-1] + D[1:-1] *dt / h**2 * C[3,0:-2]) + ((- R3 + R4) *dt) #Fe2 

    N[4,1:-1] = (D[1:-1] *dt / h**2 * C[4,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 
C[4,1:-1] + D[1:-1] *dt / h**2 * C[4,0:-2]) + ((R3 - R4) * dt) - (W * (C[4,1:-1] - 
C[4,0:-2]) * dt)#Fe3 

    N[5,1:-1] = (D[1:-1] *dt / h**2 * C[5,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 
C[5,1:-1] + D[1:-1] *dt / h**2 * C[5,0:-2]) + ((- R5 + R6) * dt) #Mn2 

    N[6,1:-1] = (D[1:-1] *dt / h**2 * C[6,2:] + (1 - 2 * D[1:-1] *dt / h**2) * 
C[6,1:-1] + D[1:-1] *dt / h**2 * C[6,0:-2]) + ((R5 - R6) * dt) - (W * (C[6,1:-1] - 
C[6,0:-2]) * dt)#MnO2 
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    #Zero flux boundary for solids 
    N[0,-1] = N[0,-2]  
    N[2,-1] = N[2,-2]  
    N[4,-1] = N[4,-2] 
    N[6,-1] = N[6,-2] 
     
    oxygen = N[0,:] 
    sulfide = N[1,:] 
    sulfur = N[2,:] 
    iron2 = N[3,:] 
    iron3 = N[4,:] 
    manganese2 = N[5,:] 
    manganese4 = N[6,:]                         
    
    C[:] = N 
    C_zt += [N] 
 
#Export solution  
arraylen=len(Z) 
datasave1 = np.zeros([arraylen, nspecies+2]) 
file = open('/Users/User/Desktop/diffrxn_soln 2011.csv','w')  
csvfile=csv.writer(file) 
for ds in range(0,arraylen): 
    datasave1[ds,0] = Z[ds] 
    datasave1[ds,1] = D[ds] 
    datasave1[ds,2] = oxygen[ds] 
    datasave1[ds,3] = sulfide[ds] 
    datasave1[ds,4] = sulfur[ds] 
    datasave1[ds,5] = iron2[ds] 
    datasave1[ds,6] = iron3[ds] 
    datasave1[ds,7] = manganese2[ds] 
    datasave1[ds,8] = manganese4[ds] 
 
csvfile.writerow(["Depth", "D", "Oxygen", "Sulfide", "Sulfur", "Iron(II)", 

"Iron(III)", "Manganese(II)", "Manganese(IV)"]) 
for dsrow in datasave1:     
    csvfile.writerow(np.around(dsrow,decimals=20)) 
file.close() 
print "results written to file" 
 
#Export reactions 
arraylen2=(len(Z)-2) 
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datasave2 = np.zeros([arraylen2, nrxns+3]) 
file = open('/Users/User/Desktop/rxnrates 2011.csv','w') 
csvfile=csv.writer(file) 
for ds in range(0,arraylen2): 
    datasave2[ds,0] = Z[ds] 
    datasave2[ds,1] = R1[ds] 
    datasave2[ds,2] = R2[ds] 
    datasave2[ds,3] = R3[ds] 
    datasave2[ds,4] = R4[ds] 
    datasave2[ds,5] = R5[ds] 
    datasave2[ds,6] = R6[ds] 
    datasave2[ds,7] = R7[ds] 
    datasave2[ds,8] = R8[ds] 
    datasave2[ds,9] = P[ds] 
    datasave2[ds,10] = R[ds] 
csvfile.writerow(["Depth", "R1", "R2", "R3", "R4", "R5", "R6", "R7", "R8", 

"P", "R"]) 
for dsrow in datasave2:     
    csvfile.writerow(np.around(dsrow,decimals=20)) 
file.close() 
print "reaction rates written to file" 
print "Model run complete" 
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