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ABSTRACT OF THE DISSERTATION 

Chemical and microbial control of pyrite weathering and its implications to arsenic 

mobility and sulfur and iron geochemistry 

 

By WENYI ZHU 

Dissertation Director  

Dr. John R. Reinfelder 

 

Controls on pyrite deposition and weathering were investigated in Newark Basin 

(Lockatong formation) black shale. Inorganic sulfur species including pyritic S and acid volatile S 

were quantified in early, middle, and late Lockatong formation black shale samples obtained from 

the Newark Basin rock core collection. Pyritic S accounted for more than 50% of total S in 

Lockatong black shale and was strongly correlated to total S, yet no correlation was found between 

acid volatile S and total S. An inverse relationship was identified between pyritic S and acid 

volatile S at various depths in the formation which may indicate their redox potential-controlled 

interconversion. Further analysis of the redox potential index, Th/U ratio, showed that redox 

potential was one of the controlling factors for the deposition of the reduced sulfur species in the 

Newark Basin sedimentary environments. 

Trace metal enrichment factors showed that As and Mo were two highly enriched elements 

in Lockatong formation black shale. Correlation analyses show that As was closely linked to pyritic 

S and Mo was associated with organic matter in Lockatong black shale. The hypothesized 

mobilization of arsenic from pyritic black shale by a sulfide-arsenide exchange and oxidation 

reaction was tested with FeAsS, homogenized Lockatong formation black shale and Lockatong 

formation black shale pyrite incubated under oxic, hypoxic and anoxic conditions.  Incubation 

results showed that sulfide increased arsenic mobilization to the dissolved phase from all three 
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solids under oxic and hypoxic, but not anoxic conditions.  Moreover, XANES results show that 

arsenic in Newark Basin black shale pyrite has the same oxidation state as that in FeAsS (-1) and 

thus extend the sulfide-arsenide exchange mechanism of arsenic mobilization to sedimentary rock, 

black shale pyrite.  This process will be most important to arsenic mobilization in aquifers where 

pyrite is exposed to a supply of sulfide from zones of anoxic groundwater which supports sulfate 

reducing bacteria and oxic groundwater or other oxidants..  

The direct role of microorganisms in pyrite weathering in Newark Basin black shale was 

examined through microbial colonization experiments. Thick biofilms were observed on the 

surface of pyrite bearing, polished black shale thick sections during their incubation in a subsurface 

groundwater well and the microbial community structure of the colonized microbes was analyzed.  

Colonizing microbes preferentially attached to pyrite rather than the shale matrix and the 

co-occurrence of bacteria-shaped pits and secondary iron minerals on pyrite were observed. 16S 

rDNA sequence analysis of pyrite and arsenopyrite biofilm  communities indicated that most of the 

mineral colonizing microorganisms were members of the Fe(III)-reducing Geobacteraceae 

(δ-proteobacteria).  Other sequences showed high similarity (>99%) with species in the β and 

ε-proteobacteria that are able to oxidize iron or sulfur.  These results indicate that microbes may 

play a critical role in the transformation of iron sulfides and their secondary minerals such as iron 

oxides, as well as the mobilization of trace elements from such minerals in slightly acidic black 

shale aquifers. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Biogeochemistry of Iron, Sulfur and Trace elements in the Environment 

Besides hydrothermal and igneous processes, the introduction of iron to the 

environment may begin with the weathering of iron containing minerals from rock, soil 

and sediments. Pyrite (FeS2) is one of the most abundant minerals containing iron and 

sulfur in the earth’s crust and was found by humans since antiquity. It is a pale brass 

yellow mineral with a density of 5.01 g/cm3

 

 and a hardness of 6.5, and often contains 

impurities such as gold, silver and arsenic. Most pyrite is disseminated in sedimentary 

rock and sediments, particularly organic carbon rich black shales and coastal marine 

sediments. In the ocean, pyrite is prevalent at mid-ocean ridges (Edwards, 2004). One of 

the most important weathering processes for iron mobilization is pyrite oxidation. When 

pyritic rocks are exposed to subsurface or surface water, the chemical and microbial 

oxidation of pyrite can release iron and sulfur from solid phases and  produce a large 

amount of acid, sometimes may lead to acid mine drainage (or acid rock drainage). The 

generated acid may enter adjacent aquifers and cause further rock weathering. The 

oxidation of pyrite can be achieved by reaction with either oxygen or ferric iron. The 

overall reactions are  

FeS2+15/4 O2+1/2H2O  Fe3+ +2SO4
2-+H+                         

FeS

           (1) 

2 +14Fe3++8H2O  15Fe2+ +2SO4
2-+16H+                                   

 

(2) 
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Equation (1) usually occurs in acidic environments, where acidophilic microbes 

such as Thiobacillus ferrooxidans catalyze the oxidation process with oxygen. Under 

anoxic condition, equation (2) may be more predominant.  For the complete redox 

reaction, 15 electrons (1 for Fe and 14 for S) are transferred. However, it is only possible 

to donate or accept one or two electrons at each step in nature.  Thus, intermediate sulfur 

compounds are expected to occur during pyrite oxidation. This process is described as the 

“thiosulfate pathway” (Luther and George, 1987; Moses et al., 1987; Schippers and 

Jorgensen, 2001). The intermediate sulfur compounds in this process of pyrite oxidation 

are then either oxidized chemically by ferric iron or biologically by sulfur oxidizing 

microorganisms to sulfate (McGuire et al., 2001; Schippers and Sand, 1999). As a major 

ion in most groundwater systems, sulfate can be converted to sulfide by bacterial sulfate 

reduction when coupled with organic matter under anoxic conditions. Ferric ion produced 

by the oxidation of solid or aqueous phase Fe (II) with oxygen can be precipitated and 

thereby immobilized as hydroxide, oxide, phosphate or sulfate, or, if bound to soluble 

organic ligands, will be converted to soluble complexes and dispersed from its source. 

 

In natural environments, pyrite weathering is indisputably involved with or even 

controlled by biological activities. It has been discovered that chemolithotrophic 

microorganisms are able to harness energy from the weathering of sulfides via various 

redox reactions with the reduced chemical species in sulfides (Edwards, 2004; McCollom, 

2000).  Among them, mesophiles such as Thiobacillus ferrooxidans, Leptospirillum 

ferrooxidans and Thiobacillus thiooxidans, thermophiles such as Thiobacillus caldus, 

Metallosphaera sedula, Acidianus brierleyi and Sulfolobus acidocaldarius were the most 
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commonly identified microbes in the process of pyrite oxidation (Ehrlich, 2002). There 

have been abundant research  concerning the biological control of pyrite oxidation at low 

pH conditions, such as in the bioleaching industry or acid mine drainage environment 

(Bond and Banfield, 2001; Edwards et al., 2000; Edwards et al., 1999; Meyer et al., 1999). 

With high acidity, microorganisms such as Thiobacillus ferrooxidans play a crucial role 

in oxidation of mineral sulfides via “direct” (attach to mineral surface and dissolve 

sulfides without a soluble electron shuttle) or “indirect” (not attach to mineral surface and 

oxidize the metal sulfide via Fe(II)/Fe(III) shuttle) pathways (Rodriguez et al., 2003a; 

Rodriguez et al., 2003b; Schippers and Sand, 1999). However, compared with the 

extensive studies under extremely acidic condition, the weathering of pyrite at slightly 

acidic to neutral pH is much less examined and the microbial consortia that utilize the 

mineral substrates are not well described and characterized.  

 

Microbial activities can also mobilize Fe (III) from solid phases. In the anoxic 

zone, Fe (III) oxides are readily reduced at pH >4.0 and may function as a terminal 

electron acceptor for iron reducing microorganisms. Equation (3) indicates the reduction 

of Fe (III) coupled with organic matter oxidation.   

 

FeOOH + 1/4CH2O+ 2H+Fe2+ + 1/4CO2 + 7/4H2

 

O                  (3) 

Microbial iron respiration may also be coupled with hydrogen or S(0) oxidation 

and iron reduction linked to in the oxygen depleted environment (Chapelle and Lovley, 

1992; Lovley, 1995; Lovley, 1997). Diverse species throughout the Archaea and Bacteria 
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domains may be involved in this process. Pure cultures of thermophilic and 

hyperthermophilic archaea and bacteria capable for Fe reduction have been obtained from 

extreme environments such as deep subsurface (Lovley et al., 2004; Slobodkin et al, 

1999). At circumneutral pH, family Geobacteraceae from ε-proteobacteria, Shewanella 

putrefaciens from γ-proteobacteria together with other ferric iron respirers have been well 

characterized for their iron reduction functions in the terrestrial and subsurface 

environment (Ehrlich, 2002; Lovley, 2001). In addition, some microbes that belong to β-

proteobacteria and Geothrix fermentans from Acidobacteria might also be responsible for 

iron reduction in sediments and aquifers (Coates et al., 1999; Cummings et al., 1999; 

Weber et al., 2006). Moreover, various fermentative microorganisms may also contribute 

to the process, yet, they are considered to play a minor role in iron geochemical cycling 

compare to respiratory iron reducers (Lovley et al, 1986; Weber et al., 2006).  

 

Ferrous iron produced by microbial Fe (III) reduction may react with dissolved 

sulfide in the anoxic environment, form iron sulfides including iron monosulfide and 

pyrite, and be formed and deposited in sediments which ultimately can became 

sedimentary rock. Iron monosulfide functions as the precursor for pyrite formation, in 

which a redox reaction may take place between the iron monosulfide (such as 

mackinawite) and an oxidant through sulfur gain or iron loss pathways to generate pyrite. 

The reservoir of reducing equivalents thus formed can provide electrons for both 

chemical and biological processes. The burial of pyrite in sedimentary environments is 

closely linked to several geochemical cycles. For example, the Phanerozoic oxygen level 

is kept nearly constant by the balance between the organic carbon and pyrite reservoirs 
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(such as black shales) and carbonate and sulfate reservoirs on earth (Berner, 1999; Petsch, 

2003).   

 

Besides oxygen, the biogeochemical cycles of various trace elements are also 

associated to iron and sulfur geochemistry in the environment. Trace elements such as As, 

Mo, Co, Cu, Re may be precipitated with sulfides, incorporated into pyrite and/or fixed 

with organic matter.  By studying the enrichment of these trace elements in sedimentary 

rocks, we may gain insights about their distribution and possible mobilization 

mechanisms.  Upon exposure of the sediments or sedimentary rocks to oxic conditions 

and water, weathering of iron sulfide may be initiated.  The release of incorporated trace 

metals during iron oxidation-reduction processes depends on their chemical associations 

in the solid phase as well as the ambient geochemical environment. The progressive 

weathering of the New Albany Shale in Kentucky lead to the release of elements during 

sulfide and organic matter oxidation and trace element mobilization was differentiated 

based on their associations with the original minerals (Tuttle et al., 2009). One of the 

concerns regarding trace element mobilization is that dissolved elements may cause 

adverse environmental effects upon release to top soils and surface/subsurface waters. 

Indeed, compared to pure pyrite, pyrite with substantial concentrations of trace elements 

may be even more prone to weathering (Lehner et al., 2007; Savage et al., 2000). Since 

pyrite is considered one of the most important natural sources of arsenic in the 

environment, there is concern about the environmental damage associated with its 

oxidation (Ahmed et al., 2004; Lowers et al., 2007; Peters and Burkert, 2008). Other trace 

metals, such as Cd, Mo and U, have also been shown to be easily released from black 
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shale (Lavergren et al., 2009). The mobilization of heavy metals may lead to higher 

incidence of endemic diseases as well (Peng et al., 2004).  

 

The Newark Basin is a sediment filled rift basin located mostly in New Jersey, but 

also stretching into south-eastern Pennsylvania and southern New York. The Lockatong 

Formation is one of the fundamental lithological divisions of the Newark basin along 

with the Stockton and Passaic Formations. The Lockatong Formation is mostly composed 

by black (organic rich), gray and red mudstone, siltstone and shale (Olsen, 1996; Serfes, 

2005). Black shale is recognized as a fine-grained laminated sedimentary rock rich in 

organic carbon and pyrite. It also hosts various trace elements including Ag, As, Au, Cu, 

Hg, Mo, Ni, Pb, Re, Sb, U,V, Zn (Pratt and Davis 1992; Tuttle et al. 2003; Peng et al. 

2004). The Newark Basin is of great interest and importance as it contains significant 

aquifers in the NJ and PA area. Moreover, high arsenic occurrence has been identified in 

15 to 30% of the sampled water supply wells (Serfes, 2005). 

 

1.2 Research Objectives 

 The objectives of this research were to advance our knowledge of the 

depositional environment of pyrite and the trace elements distribution patterns in the 

Newark Basin Lockatong Formation shales, especially for arsenic. Further, in order to 

understand the controls of trace element (arsenic) mobilization from solid phases, 

chemical and biological studies were performed and possible mechanisms were proposed. 

The iron and sulfur biogeochemical processes involved with the mobilization 

were also studied and discussed, and several perspectives were then presented. 
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            1.3       Dissertation Overview 

 

                        Three research chapters are presented in this dissertation.  

The first research chapter presents the results of an investigation of the pyrite 

depositional environment in Newark Basin Lockatong formation black shale and the local 

trace elemental distribution. The first part of this chapter focused on pyrite and acid 

volatile sulfide quantification in Lockatong formation black shale, together with the 

redox index Th/U, pyrite depositional environment was investigated; while in the second 

part, attention is given to the highly enriched trace metals and their chemical associations 

in black shale, and possible mobilization patterns.  

 

The second research chapter examined the arsenic mobilization mechanisms from 

pyritic rich solid phases such as arsenopyrite, arsenian pyrite as well as the pyritic black 

shale collected from Newark Basin Lockatong formation. It was concluded that the 

arsenic release from the solid phase can take place in a hypoxic environment in the 

presence of dissolved sulfide. This observation will be most important at oxic-anoxic 

interfaces of groundwater.  

 

The last research chapter focused on the investigation of the biofilm that formed 

on the pyrite surface in the Newark Basin subsurface groundwater, as to study the 

microbial activities associated with trace element mobilization. The involvement of 

microbes in the subsurface iron cycling at slightly acidic to neutral pH, e.g., the oxidation 

of iron sulfides and the reduction of iron hydroxide, was also examined and discussed.  
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CHAPTER 2    

 DEPOSITIONAL ENVIRONMENT AND WEATHERING PROXIES OF PYRITE IN 
NEWARK BASIN BLACK SHALE  

 

Abstract 

 

The sedimentary depositional environment of Newark Basin black shale was 

investigated. Inorganic sulfur species including pyritic sulfur (S(-I)) and acid volatile 

sulfur (S(-II)) were quantified in black shale of the Lockatong Formation and the 

analytical results showed that pyrite was the most abundant source of total sulfur (more 

than 50%). Pyritic S abundance was also strongly correlated to total sulfur, however, no 

correlation was found between acid volatile sulfur and total sulfur. An inverse 

relationship was identified between pyritic sulfur and acid volatile sulfur at different 

depths. Inverse relationships between Th/U, which is proportional to redox potential, and 

pyritic S and positive correlations between Th/U and acid volatile S were observed at 

various depths in the Lockatong formation.  Under strongly anoxic conditions indicated 

by low Th/U ratios (<2), the generation of abundant H2S may have resulted in the 

conversion of AVS to pyrite.  By contrast, under less strongly anoxic conditions indicated 

by higher Th/U, the production of H2

Attention was also given to the distribution pattern of trace metal enrichment in 

the Lockatong formation shales. Trace metal enrichment factors were analyzed and 

arsenic and molybdenum were two highly enriched elements observed in the black shale. 

S may have been limited and the consumption of 

AVS in pyrite formation restricted. 
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Further analysis showed that the arsenic content was closely linked to pyrite and 

molybdenum was associated with organic matter. Knowledge about the binding phases of 

these trace elements in black shale may be useful in the evaluation of their mobilization 

patterns to the aqueous phase in black shale aquifers. It was observed that the 

concentrations of arsenic and molybdenum were positively correlated in Lockatong 

formation black shale. Positive correlation between these two trace elements in Newark 

Basin (Passaic formation) groundwater, but not Newark Basin (Lockatong formation) red 

shale suggests that black shale may be the ultimate source of As and Mo to groundwater 

in the Newark Basin. 
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2.1 Introduction 

 

The formation and weathering of pyrite are very important processes for the 

geochemical cycles of iron, sulfur, atmospheric oxygen and carbon (Berner and Canfield, 

1989; Schoonen, 2004). The formation of pyrite in marine and freshwater sediments not 

only fixes iron and sulfur, but also partly controls atmospheric oxygen level. Reduced 

sulfur in pyrite is produced by bacterial sulfate reduction in which organic matter is 

oxidized and sulfate is reduced to sulfide without consumption of O2; this process 

resupplies oxidized carbon to the ocean and atmosphere system where it may be reduced 

in oxygenic photosynthesis. In effect, the formation of pyrite derived from bacterial 

sulfate reduction (BSR) in sediments results in a net release of O2

 

 to the atmosphere 

(Petsch, 2003). Conversely, the oxidative weathering of pyrite consumes oxygen and 

lowers the atmospheric oxygen level (Berner and Canfield, 1989). Thus, it is thought that 

the Phanerozoic oxygen level was kept nearly constant by the balance between oxidized 

and reduced sulfur and carbon reservoirs on Earth (Berner, 1999; Petsch, 2003).  

The formation of pyrite mostly occurs in marine coastal environments, but also in 

aquifers, lakes, swamps, soils and waste ponds (Schoonen, 2004). The mechanism of 

pyrite formation in the natural environment is controversial and remains an active 

research area. Direct precipitation of pyrite is greatly inhibited because of the difficulty of 

direct nucleation of pyrite in solution (Schoonen and Barnes, 1991a). Thus, the formation 

process is generally considered to be a redox reaction between iron monosulfide 

precursor (such as mackinawite) and an oxidant such as zero valence sulfur (Berner, 
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1970), the hydrogen in H2S (Rickard and Luther, 1997) or adsorbed polysulfides 

(Benning et al., 2000; Schoonen and Barnes, 1991b) through a sulfide gain pathway, or 

with oxidants such as oxygen (Wilkin and Barnes, 1996) or manganese oxides through 

iron loss pathways. Nevertheless, greigite (Fe3S4) has been implicated and further 

confirmed to be involved with the formation of pyrite as the intermediate product under 

anoxic condition (Hunger and Benning, 2007; Wilkin and Barnes, 1996). Although most 

of the conversion studies of iron monosulfide to pyrite are designed and performed 

abiotically, microorganisms also play a role in the formation of pyrite (Schoonen, 2004). 

By coupling with organic matter, sulfate reducing bacteria (SRB) can produce hydrogen 

sulfide which may be sequestered as pyrite with dissolved iron. Moreover, the sulfate 

reducing bacteria may also transform and incorporate organic sulfur compounds into the 

FeS precursors and lead to pyrite formation on the outside of their cells (Donald and 

Southam, 1999). Sulfur-disproportionating bacteria can also accelerate pyrite formation 

by adding zero valence sulfur and by reacting H2

 

S with FeS (Canfield et al., 1998).  

Besides pyrite, there are also other reduced inorganic sulfur species that are 

important components of the total sulfur mass balance in sedimentary rocks, such as acid 

volatile sulfides (AVS) and elemental sulfur. AVS are reduced inorganic sulfides that 

react with HCl to produce H2S and are usually in the forms of amorphous FeS and poorly 

ordered mackinawite in modern sediments or ancient sedimentary rocks (Rickard and 

Morse, 2005). Acid volatile sulfides, iron disulfides and elemental sulfur altogether are 

often analyzed as total reduced inorganic sulfides. The difference between the total 

reduced sulfides and acid volatile sulfides provide an estimation of elemental sulfur and 
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iron disulfides including pyrite and marcasite (Morse and Cornwell, 1987; Morse et al., 

1987). The coexistence of AVS and pyrite has been observed in various sedimentary 

environments. Typically, the fraction of sulfur present as AVS is much smaller than that 

of pyrite in sediments or sedimentary rocks (Rickard and Morse, 2005). Within the depth 

profile of sediments, it is usually observed that AVS to pyritic S ratio decreases because 

of the conversion of metastable iron monosulfides and greigite to pyrite (Burton et al., 

2006; Goldhaber, 2003; Rickard and Morse, 2005; Yin et al., 2008). However, the 

proportions of AVS and pyritic sulfur vary widely among different sediments and 

environments (Rickard and Morse, 2005).  

 

The weathering of pyrite not only because it is linked to the global Fe, S and O 

cycles, but also because other metals enriched in pyrite may be mobilized, and possibly 

leading to adverse environmental effects. For example, the progressive weathering of the 

New Albany Shale in Kentucky lead to the release of various trace elements during 

sulfide and organic-matter oxidation and this mobilization of trace elements was 

differentiated based on their associations with the original minerals (Tuttle et al., 2009). 

Studies have shown that Cd, Mo, U are very easily released from black shale (Lavergren 

et al., 2009). Pyrite is also considered as the ultimate source for arsenic released to 

aquatic environments (Ahmed et al., 2004; Lowers et al., 2007; Peters and Burkert, 2008).   

 

Black shale is recognized as the fine-grained laminated sedimentary rocks rich in 

organic carbon. One of the most important reservoirs of pyrite on earth is black shale. 

The average black shale contains 3% of organic carbon by weight (Raiswell and Berner , 
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1986).  In addition to pyrite, black shale also hosts various elements including Ag, As, 

Au, Cu, Hg, Mo, Ni, Pb, Re, U, V, Sb and Zn (Pratt and Davis 1992; Tuttle et al. 2003; 

Peng et al. 2004).  Many black shale containing formations remain in the subsurface and 

weather through contact with groundwater. As productive aquifers, their formations are 

also sources of drinking water and their weathering can cause serious consequences to the 

local environment. The goal of this study was to quantify pyrite and other forms of S in 

Newark Basin black shale as well as the incorporation of trace metals in pyrite or other 

solid phases to shed light on trace metal mobilization patterns upon weathering.  

 

2.2 Methodology  

 

Site description and whole rock analysis 

The depositional environments of the Newark Basin ranged from the deep anoxic 

lakes with organic carbon-rich detrital sediments to oxic shallow and playa lakes (Serfes, 

2005). In the Newark Basin, pyrite-rich black shale was formed from sediments deposited 

mostly during the Upper Triassic (~225 to 200 Ma) in the Passaic and Lockatong 

formations. The Lockatong formation in the Newark Basin is mostly composed of black 

(organic carbon-rich), gray and red mudstone, siltstone and shale (Serfes, 2005).Samples 

for this study were taken from top, middle and lower parts of the Lockatong formation at 

core depth of 522 to 564 ft, 1539 to 1589 ft, and 2986 to 3002 ft for elemental analysis 

which dated around (~223 to 218 Ma) (Fig. 2.1). A total of 20 samples were cut including 

nine black, two grey, and nine red shale samples.  The whole rock analysis was 
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performed by ALS Chemex Labs Inc., Sparks, NV.  They prepared samples by coarse 

crushing the rock until 70% <2 mm, then splitting and pulverizing to 85% passing 

through 75 um with four acid digestion (nitric acid (HNO3), HNO3/hydrochloric acid 

(HCl), aqua regia and HNO3

 

/hydrofluoric acid (HF)) in the end. The samples were 

undergone various elemental analysis with analytical instruments. More details can be 

found online in the service protocol provided by ALS chemex labs 

(http://www.alsglobal.com/). 

Sulfur speciation 

Subsamples of Lockatong black shale were analyzed for pyritic sulfur, acid 

volatile sulfur and elemental sulfur at Rutgers. Small samples of pulverized black shale 

(0.5 -1g) were added into a three-port glass reaction vessel. Before the extraction of 

pyritic sulfur, all samples were pretreated with acetone to remove any elemental sulfur 

that may exist on the surface of material. Then, each black shale sample was split into 2 

parts. One part was treated with concentrated HCl to analyze for AVS (acid volatile 

sulfur) and the other part underwent chromium-reduction to determine pyritic sulfur 

content. 

 

Elemental sulfur was determined by acetone extraction. Small samples of 

pulverized rock (0.5-1g) were soaked in 10 ml acetone overnight. The extraction flasks 

were placed in a rotary shaker and covered with Parafilm. Analysis of elemental sulfur 

followed the method developed by Bartlett and Skoog (Bartlett and Skoog, 1954). 
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Acid volatile sulfide (AVS) was examined by adding 10 ml of 12 N HCl to the 

reaction vessel. The system was flushed with N2 and heat applied after 10 minutes. 

Contents of the flask were then boiled for 5 minutes and later kept at below boiling point 

for 45 minutes. Zn acetate was used as a trap for absorbing H2S. H2S was trapped by Zn 

Acetate solution and analyzed using the methylene blue method (Cline, 1969; Popa and 

Kinkle, 2000). The sulfur content in H2

 

S was calculated back as sulfur in acid volatile 

sulfur.  

Chromium reducible sulfur (pyritic sulfur, acid volatile sulfur and elemental 

sulfur) was determined by passing 1 M CrCl3 through 2% acidified HgNO3 

amalgamated Zn which was pretreated with 0.5 M HCl, thereby reducing Cr3+ to Cr2+ 

(Canfield et al., 1986)). The system was flushed with N2 for 20 minutes and then 10 ml 

of reduced chromium solution was introduced to the reaction vessel along with 10 ml of 

12 N HCl. Heat was applied after 10 min and the flask kept boiling for about 1 hour. H2S 

was also trapped by Zn Acetate solution and analyzed using the methylene blue method. 

The sulfur content in H2

 

S was calculated back as sulfur in pyrite. Figure 2.2 showed the 

apparatus setting of extracting pyritic sulfur and acid volatile sulfur from the pyritic 

black shale.  

2.3 Results and Discussion 

 

Whole rock analysis of the Lockatong formation shale 

Whole rock analysis of both black and red shale from the Lockatong formation 
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gives us information about the elemental composition of the Newark Basin sedimentary 

rock aquifer. Black shale and red shale have a different general chemical composition 

due to the different depositional oxygenation environment in which they formed.  

Analytical results for elemental concentrations are presented in Appendix I.  

 

Sulfur speciation of black shale 

Pyritic sulfur, acid volatile sulfur (AVS) and elemental sulfur were quantified in 

black shale from upper (depth around 550 ft), middle (depth around 1550 ft) and lower 

sections (depth around 3000 ft) of the Lockatong formation. Pyritic sulfur was the most 

abundant form of inorganic reduced sulfur in the black shale and was highly correlated to 

total sulfur with R2=0.97 (p < 1×10-7) (Fig 2.3 a). The average concentration of pyritic S 

in black shale in this study was 2039 ppm which ranged from 16.9 to 6289 ppm at all 

depths. The close correlation between pyritic sulfur and total sulfur in Newark Basin 

black shale was not a unique observation (Fig. 2.3 b, c, d). Highly positive associations 

between pyritic and total sulfur were also reported elsewhere. For example, in Upper 

Sinian and Lower Cambrian black shale in Southwest China, total sulfur and pyritic 

sulfur were highly correlated, R2

 

=0.96 (Fig 2.3 b)(Wu et al., 1999). A similar trend was 

also observed in Mediterranean Sea basin sediments (Fig 2.3 c) (Henneke et al., 1997). 

Moreover, the New Albany shale from eastern Kentucky indicated an extremely tight 

relationship between total sulfide and total sulfur as well (Fig 2.3 d) (Tuttle et al., 2003).  

AVS content in Lockatong black shale was much lower than that of pyritic sulfur. 

The average AVS amount in black shale was about 56 ppm, but AVS ranged from 13.6 to 
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293 ppm throughout all depths. Yet, the abundance of AVS did not show strong 

correlation to the amount of total sulfur or pyritic sulfur in the black shales. The 

concentrations of pyritic sulfur and acid volatile sulfur in all black shale and some red 

shale are presented in Appendix I.Elemental sulfur was below detection in all Lockatong 

shale samples. 

 

In addition to reduced inorganic sulfur, black shale may contain sulfate and 

organic sulfur. Organic sulfur is a more important component of black shale sulfur than 

sulfate.For example, black shale often has high concentrations of organic sulfur (ranges 

from 17% to 71% with an average of 42% in total S in Lower Cambrian black shales 

from Southwest China) (Wu et al, 1999; Lei et al, 2001), but low levels of sulfate (Lei et 

al, 2001; Arndt et al, 2006). This may be attributed to the anoxic environments in which 

black shale is deposited where much of the sulfate may have undergone reduction.  

Nevertheless, the amount of organic S and sulfate in the Newark Basin Lockatong 

Formation black shale were not measured in the present study since they are not directly 

linked to the formation and weathering of pyrite . 

 

At a core depth in the Lockatong formation of around 550 and 1550 ft, pyritic 

sulfur had a similar profile to total sulfur (Fig 2.4 a, d), but its profile was opposite to that 

of AVS (Fig 2.4 c, f). In the lower Lockatong (around 3000 ft) only two samples were 

identified as black shale, so profiles were not plotted. The inverse correlation between 

AVS and pyrite profiles may be explained by their redox inter-conversion. The formation 

of pyrite in sediments is usually through the precursor of iron monosulfide, a major 
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component of acid volatile sulfur (AVS) (Rickard and Morse, 2005). Their conversion 

may occur as FeS is consumed and pyrite forms, with the addition of sulfur or loss of iron, 

resulting in increasing pyritic S to AVS ratios with time as pyrite is the 

thermodynamically favored species of sulfide (Burton et al., 2006). Thus, the 

consumption of iron monosulfide will lead to the accumulation of pyrite in the 

sedimentary environment and cause their inverse correlation.  

 

 

Evaluation of pyrite depositional conditions with the Th/U redox index 

 

The Th/U ratio in sedimentary rocks can be used as an indicator of the redox 

conditions of paleo-depositional environments (Jones and Manning, 1994). These two 

elements tend to exhibit similar geochemical characteristics except under oxidizing 

conditions. Thorium remains insoluble Th4+ under all redox conditions in the 

environment, but uranium is only soluble under oxidizing conditions as uranyl cation 

(UO2)2+. Under strongly reducing conditions, U is transformed to the immobile UO2

 

 and 

it may be enriched in the solid phase (Guo et al., 2007).  Thus, the more anoxic redox 

condition will lead to a lower Th/U ratio. The average shale has a Th/U ratio of 3.8 in the 

upper continental crust (Taylor and Mclenna, 1985).  The range of Th/U ratios for black 

shale is 3.9±2.9 and for red shale is 7.1±2.0 in present study.  

At a core depth of 550, the Th/U profile showed opposite trends compared with 

total S and pyritic S, yet was almost identical to that of AVS (Fig. 2.4 a, b, c). A similar, 
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but more noisy relationship among total sulfur/pyritic sulfur, AVS and Th/U was 

observed at depth around 1550 ft (Fig. 2.4 d, e, f).  

 

According to Th/U data, Newark Basin sedimentary shale experienced different 

redox conditions during deposition through time.  The inverse correlation between Th/U 

and pyrite was observed with low Th/U value indicating anoxic condition corresponded 

to high pyrite content at the same depth and vice versa (Fig. 2.4 b and c). On the other 

hand, low Th/U indicating anoxic condition corresponded to low AVS at the same depth 

and vice versa (Fig. 2.4 e and f). The relationships between them can be simply illustrated 

in Fig. 2.5. Under strongly anoxic conditions, indicted by low Th/U ratios (<2), the 

generation of abundant H2

FeS +H

S could result in the conversion of AVS to pyrite and thus the 

consumption of AVS and accumulation of pyritic S (equation 1) (Rickard and Morse, 

2005).  

2S  FeS2+H2

 

↑                                                                                          

(1) 

On the other hand, under less strongly anoxic conditions, indicated by higher 

Th/U ratios, production of H2

 

S and the consumption of AVS may be limited and  AVS 

can accumulate.  

Trace metal enrichment factors in Lockatong formation black and red shale 
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Lockatong formation black shale and red shale were formed under different 

oxygenation conditions; black shale formed in an oxygen-deficient environment while 

red shale formed under oxic conditions. Organic carbon-rich black shale can contain 

pyrite while red shale hosts hematite (Fe2O3

 

). Redox conditions of the depositional 

environment likely had a great impact on the enrichment or scavenging of specific trace 

elements by Lockatong formation shale. Other factors such as organic matter type, 

sediment accumulation rates, and diagenetic and later mineralization processes as well as 

the availability of trace elements may also be important in affecting the association 

between the elements and shales (Pratt and Davis, 1992). The whole rock analysis 

indicated different levels of trace elemental enrichment or depletion in the black and red 

shale. Enrichment factors (EF) were calculated by normalizing each trace element to Al 

and comparing these ratios to those of upper continental shale (McLennan, 2001).  

EF= (Element/Al)sample or Lockatong formation/(Element/Al)

 

average shale 

Based on EF values, the magnitude of each trace element enrichment or depletion 

differed in red shale and black shale (Fig. 2.6). Sediments and sedimentary rocks may 

function as sinks for trace elements at the time of anoxic conditions. For example, in 

black shale, Mo showed a much higher enrichment factor (6.2) than in red shale (0.16). 

As one of the redox potential controlled metalloids, arsenic was enriched in black shale 

yet much less enriched in red shale. Other metals such as U and V, with higher 

enrichment factors of 1.4 and 1.1 in black shale and lower values of 0.45 and 0.83 in red 

shale, respectively, indicate their redox sensitive nature. For other elements, such as Ba, 
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Co, Cu, Pb and Zn, no apparent enrichments were detected in either shale. Ni, Cr and Mn 

showed depletion and Se showed enrichment in both shales. However, the enrichment 

factor for Cs is higher in red shale than black shale. 

 

Since the Lockatong formation shales analyzed in this study were not weathered, 

enrichment factors may show the original incorporation of trace metals in the 

depositional and/or diagenetic environments. Organic carbon (OC) and pyrite represent 

two major sites in black shale for the concentration of trace elements that are present in 

low abundance in red shale. The average OC is 0.4% in the black shale while the red 

shale has an average value of 0.04%. More than 50% of the sulfur existed as pyritic sulfur 

in the black shale (except in 1 out of the 11 samples) while only 7 to 8%  of sulfur was 

identified as pyrite in the two red shale samples analyzed (see Appendix I). The 

enrichment of specific trace elements in Lockatong shale showed distinct patterns. For 

example, arsenic was reported to be incorporated in pyrite or adsorbed by metal oxides 

(Lowers et al., 2007; Thornburg and Sahai et al, 2004; Savage et al, 2000),In the present 

study, both black and red shale indicated enrichment of arsenic with the EF of the former 

more than 7 times higher than the latter. The enrichment of arsenic in black shale may be 

due to its incorporation in pyrite while the enrichment in red shale may be related to the 

adsorption of arsenic to metal oxides such as Fe2O3 and Al2O3. On the other hand, the 

high enrichment of Mo in black shale and depletion in red shale, may indicate its 

accumulation is highly favorable in oxygen deficient environments. Indeed, Mo is 

reported to be highly correlated with organic matter content (Tribovillard et al, 2004; 

Wilde et al, 2004). However, the geochemistry behind this observation is not fully 
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understood. Organic carbon may provide a substrate for Mo scavenging, or, by 

facilitating sulfate reduction under anoxic condition, Mo may be sequestered by sulfide 

(Helz et al, 1996; Tribovillard et al, 2004).  Nevertheless, the enrichment factor itself 

cannot identify the phases containing specific trace metals in the Newark Basin 

Lockatong formation black shale. 

 

As and Mo as Pyrite and Organic Carbon Proxies in Lockatong Formation 

 

Arsenic exposure is one of the major environmental health concerns and the 

mechanisms of its natural release from the geosphere to the biosphere, is of great interest 

and importance. Since the mechanism by which arsenic is mobilized from subsurface 

minerals depends on the solid phases it is associated with, it is essential to determine the 

arsenic depositional environment in sedimentary rocks.  

 

The abundance of arsenic versus total sulfur in the Lockatong formation black 

shale was determined. The positive correlation was recognized except for three outliers 

(y=35.5x+1.08, R2=0.93). The three outliers represented two with very high arsenic and 

low sulfur content and one with high sulfur point and low arsenic concentration. Because 

of the nearly fixed proportion of total sulfur present as pyrite in black shale, arsenic was 

also closely correlated with pyritic sulfur (y=0.0044x+3.43, R2=0.81) (Fig. 2.7). Arsenic 

can replace sulfur in iron sulfide to form FeAsS like precipitates (Bostick and Fendorf, 

2003). Indeed, high arsenic spots within pyrite mineral in a black shale thick section from 

the Lockatong formation were observed with wavelength dispersive spectrometry (Serfes, 
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2005). It was recognized in other studies that pyrite serves as an ultimate source for 

arsenic in sedimentary shales and its weathering may contribute to the dissolved arsenic 

in aqueous phases (Ahmed et al., 2004; Lowers et al., 2007; Peters and Burkert, 2008).   

 

Mo is also highly enriched in the Lockatong formation black shale. However, the 

solid phases containing Mo in black shale may be different from that of arsenic. Mo 

(normalized by Al) did not strongly track the concentration of pyritic sulfur (R2

 

=0.29) in 

the present study. However, the correlation between Mo/Al and the organic carbon in 

black shale was positive except for two outliers (not shown) (Fig 2.8). These outliers 

were for samples with  two of the highest Mo/Al values corresponding to the two most 

elevated organic carbon concentrations in the black shale, respectively: 0.017 (Mo/Al 

ratio) to 0.9% organic carbon and 0.00029 (Mo/Al ratio) to 0.77% of organic carbon. 

These conditions may indicate the extremely anoxic environments associated with Mo 

deposition, which was further confirmed by two of the lowest Th/U values 1.1 and 1.3. 

The positive association between Mo and organic carbon was only found in black shale, 

not in red shale.  

Data from various Mesozoic geological formations showed Mo enrichment was 

not positively correlated with pyrite abundance but with the amount of sulfur-containing 

organic matter (Tribovillard et al., 2004). Our study is in agreement with these 

observations. Mo was also considered to be a useful proxy for original total organic 

carbon content in the oxygen deficient depositional environment instead of the organic 

carbon/pyritic sulfur ratios in normal oxic marine shales (Wilde et al., 2004). In modern 
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euxinic sediments of the Cariaco Basin, a high correlation between total organic carbon 

(TOC) content and Mo/Al ratio was also observed (Lyons et al., 2003). The close 

correlation between organic carbon and Mo/Al ratios implies that biological activity may 

be involved in Mo deposition in black shale. However, the mechanism of Mo sequestered 

by organic matter is not fully understood. The conservative molybdate (MoO4
2-) begins 

to convert to the more reactive thiomolybdate (MoS4
2-) through several intermediate 

products in the presence of H2S, for example, MoOxS(4-x)
2-

 

 (Helz et al, 1996; Erikson and 

Helz, 2000). The subsequent sequestration of Mo may be involved with sulfur rich 

organic matter and/or iron rich particles (Helz et al, 1996; Tribovillard et al, 2004). The 

availability of dissolved sulfide is critical in Mo sequestration; however, the role of 

organic matter in this process is unclear. Organic matter may simply drive the system to 

generate hydrogen sulfide, or, in addition to that, also provide a substrate for Mo 

scavenging (Wilde et al, 2004; Lyons et al., 2003). Iron may play a complimentary role in 

Mo capture together with organic matter, in which iron sulfides may act as a trap for Mo 

and form Mo–Fe–S clusters on the iron particle surface. However, in our study, no strong 

positive relation was recognized between pyritic sulfur and Mo/Al and no correlation was 

observed between AVS and Mo/Al. This may suggest that Mo was more likely to be 

fixed with organic matter, but not the pyrite in the Newark Basin Lockatong formation 

black shale. We are unable to tell how Mo was associated with organic matter at the 

molecular level and this prevents us from interpreting the mechanism of Mo deposition in 

the black shale. 
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Many chemical and biological processes are involved in the accumulation of trace 

elements in depositional environments. Some of these processes as they may have 

influenced the accumulation of As and Mo in the Newark Basin are illustrated in Figure 

2.10. Interestingly, dissolved sulfide plays a critical role for both depositional processes. 

In an anoxic lake bottom, sulfate was reduced to sulfide with organic matter as electron 

donor. Sulfide further reacted with available reactive ferrous iron and generated iron 

mono-sulfide. Iron mono-sulfide may have been converted to pyrite with continuous 

supply of hydrogen sulfide. If dissolved arsenic was available, it may have been 

incorporated into pyrite and form arsenian pyrite.  Mo, on the other hand, may have 

clustered with iron sulfide forming iron-molybdenum-sulfur clusters and deposited . 

However, in the present study, the correlation between molybdenum and pyritic S as well 

as AVS in the black shale was not observed, thus, this may not likely be the pathway for 

Mo deposition in this case. On the other hand, sulfide may react with organic matter and 

generate sulfurized organic matter. In this case, sufurized organic matter may have 

complexed with Mo and deposited , a more likely scenario for the Newark Basin .  

 

 

The release of As and Mo into groundwater from sedimentary rocks 

 

The Passaic formation wells in Newark Basin were analyzed for their aqueous 

chemical composition and the arsenic concentration was strongly and positively 

correlated to Mo except for two outliers (y=0.552x-2.28, R2=0.85) (Fig. 2.11). Passaic 

and Lockatong formation shales both belong to the Upper Triassic period with the 
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Passaic on top of the Lockatong. In contrast to the lithological composition of the 

Lockatong formation, the Passaic formation is mostly composed of red mudstone, 

siltstone, sandstone and conglomerate with lesser gray and black shale. A positive 

correlation between arsenic and molybdenum in Lockatong formation black shale was 

observed except for three points representing extremely high Mo concentrations (Fig. 

2.9). In contrast, red shale has much lower abundance of arsenic and molybdenum 

compared to black shale and no correlations were found between the two from Lockatong 

Formation  red shale elemental analysis. The dissolved arsenic and molybdenum in red 

shale groundwater may come from desorption or dissolution of solid phases. However, 

whether the “ultimate” source of trace elements are from the local red shale or distant 

black shale cannot be determined provided the datasets in present study and more 

research needs to be done for the attribution. 

2.4 Conclusion  

 

The quantification of sulfur species in black shale can help to determine the 

abundance of pyrite in sedimentary rocks and together with the analysis of trace metals, 

the association between important trace elements and the solid phases can then be 

deduced. The original solid phase hosting of these trace metals may affect their 

mobilization to the aqueous phase and this may further impact the local environment.  

 

In the present study, we determined that pyrite was a very important component 

of the total sulfur (more than 50%) in Lockatong formation black shale. The sulfur 

speciation of black shale indicated a tight correlation between total sulfur and pyritic 
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sulfur and an inverse relationship between pyritic sulfur and acid volatile sulfur.  Inverse 

relationships between Th/U and pyritic S and positive correlations between Th/U and 

acid volatile S at different depths in the Lockatong formation indicated that the 

oxygenation condition was one of the factors controlling the deposition of sulfur species 

in the sediments. Moreover, trace metal enrichment factors were analyzed and arsenic 

and molybdenum were two highly enriched elements in the black shale. Further analysis 

showed that the arsenic content was closely linked to pyrite and molybdenum was 

associated with organic matter. The As and Mo depositional mechanisms, both of which 

were mediated by dissolved sulfide, determined their concentrations and host phases in 

the black shale. The concentration of arsenic was positively correlated to that of 

molybdenum in a red shale groundwater well in the Newark Basin (Passaic formation)  

The ultimate source of these trace elements are of great interest and needs to be 

investigated in future research.  
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Figure 2.1. Lithology logs from the cores from the Newark Basin Coring Project: the 

Nursery. Red frames indicated the part of samples were taken and analyzed for 

abundance of various chemical elements.  
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Figure 2.2.  The apparatus setting of pyritic sulfur and acid volatile sulfur, after 

Elswick’s lab in University of Cincinnati (Bonilla, 2005) 
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Figure 2.3. Relationship between pyritic sulfur and total sulfur in  

a) Late Triassic Newark Basin (Lockatong formation) black shale  

b) Pyritic in southwest China sedimentary rock  

c) Mediterranean Sea basin  

d) New Albany black shale in Kentucky 
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Figure 2.4.  The depth profile of pyritic sulfur/total sulfur, AVS and Th/U in Newark 
Basin Lockatong formation. a) ,b), c) are at depth around 550 ft; d), e), f) are at depth 
around 1500 ft. 
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Figure 2.5.  The relationship between redox index Th/U and pyrite and AVS amount in 

shale 
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Fig 2.6. Enrichment factors for trace elements in red and black shale of Newark Basin 

Lockatong formation.  
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Figure 2.7. Arsenic versus pyritic sulfur in Lockatong formation black shale. Correlation 

is for all points except three outliers (open symbols). 
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Fig 2.8.  Mo normalized by Al versus organic carbon content in Lockatong formation 

black shale.  
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Fig 2.9.  As versus Mo concentrations in Lockatong formation black shale.  
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Fig. 2.10. The hypothesized As and Mo depositional mechanisms in the anoxic lake 

bottom of Newark Basin. 
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Fig 2.11.  Mo versus As in Passaic formation groundwater, data from Serfes PhD 

dissertation (Serfes, 2005) 
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CHAPTER 3 

SULFIDE-DRIVEN ARSENIC MOBILIZATION FROM ARSENOPYRITE AND 

BLACK SHALE PYRITE 

 

(Published in GCA, Zhu et al, 2008) 

Abstract 

We examined the hypothesis that sulfide drives arsenic mobilization from pyritic 

black shale by a sulfide-arsenide exchange and oxidation reaction in which sulfide 

replaces arsenic in arsenopyrite forming pyrite, and arsenide (As(-1)) is concurrently 

oxidized to soluble arsenite (As
3+

).  This hypothesis was tested in a series of sulfide-

arsenide exchange experiments with arsenopyrite (FeAsS), homogenized black shale 

from the Newark Basin (Lockatong formation), and pyrite isolated from Newark Basin 

black shale incubated under oxic (21% O2), hypoxic (2% O2, 98% N2), and anoxic (5% 

H2, 95% N2) conditions.  The oxidation state of arsenic in Newark Basin black shale 

pyrite was determined using X-ray absorption-near edge structure spectroscopy 

(XANES).  Incubation results show that sulfide (1 mM initial concentration) increases 

arsenic mobilization to the dissolved phase from all three solids under oxic and hypoxic, 

but not anoxic conditions.  Indeed under oxic and hypoxic conditions, the presence of 

sulfide resulted in the mobilization in 48 h of 13 to 16 times more arsenic from 

arsenopyrite and 6 to 11 times more arsenic from isolated black shale pyrite than in 

sulfide-free controls.  XANES results show that arsenic in Newark Basin black shale 

pyrite has the same oxidation state as that in FeAsS (-1) and thus extend the sulfide-

arsenide exchange mechanism of arsenic mobilization to sedimentary rock, black shale 
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pyrite.  Biologically active incubations of whole black shale and its resident 

microorganisms under sulfate reducing conditions resulted in seven-fold higher 

mobilization of soluble arsenic than sterile controls.  Taken together, our results indicate 

that sulfide-driven arsenic mobilization would be most important under conditions of 

redox disequilibrium, such as when sulfate-reducing bacteria release sulfide into oxic 

groundwater, and that microbial sulfide production is expected to enhance arsenic 

mobilization in sedimentary rock aquifers with major pyrite-bearing, black shale 

formations.   
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3. 1 Introduction 

Arsenic has long been recognized as a toxic metalloid (National Research Council: 

Subcommittee to Update the 1999 Arsenic in Drinking Water Report, 2001).  The U.S. 

EPA lowered the arsenic standard for drinking water to 10 g L
-1

 in 2001 (EPA, 2001), 

yet more than ten million people in the U.S. are exposed to potentially harmful levels 

(>10 g L
-1

) of arsenic in their drinking water (Ryker, 2003; Welch et al., 2000).  

 

The release of arsenic into the environment can occur as a result of human 

activities related to agriculture (Reedy et al., 2007; Signes-Pastor et al., 2007) and mining 

(Bayard et al., 2006; Carrillo and Drever, 1998; Kwong et al., 2007; Lazareva and Pichler, 

2007).  However, arsenic is also a component of subsurface rocks in many aquifers and is 

released through natural weathering processes (Ahmed et al., 2004; Dowling et al., 2002; 

Lowers et al., 2007; Polizzotto et al., 2005).  Natural sources of arsenic include sulfide 

minerals (e.g. pyrite, troilite, arsenopyrite, realgar, orpiment) and arsenic adsorbed onto 

mineral oxides (Smedley and Kinniburgh, 2002).  Arsenopyrite (FeAsS) and arsenic-rich 

pyrites (FeAsxS2x) are commonly found in hydrothermal sulfide deposits and diagenetic 

sediments with high sulfur and organic matter contents such as black shale (Blanchard et 

al., 2007; Brown et al., 1999; Farquhar et al., 2002; Kober et al., 2005; Lowers et al., 

2007; Paikaray et al., 2005; Wilkin, 2001).  Under anoxic conditions and with high (mM) 

concentrations of arsenic, arsenite partitioned onto pyrite appears to form a surface solid 

phase of arsenopyrite by substitution for sulfur (Bostick and Fendorf, 2003).  Therefore, 

arsenopyrite may provide a model mineral for the study of arsenic mobilization from 

pyrite. 
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During pyrite weathering, associated trace metals and metalloids including As, Cd, 

and Pb are released to the dissolved phase (Bednar et al., 2002) and such trace elements 

may in fact accelerate pyrite weathering compared to the pure mineral (Lehner and 

Savage, 2008; Lehner et al., 2007; Savage et al., 2000).  The release of arsenic from 

arsenopyrite and arsenic-rich pyrite has been examined under oxidizing conditions (Craw 

et al., 2003; Komnitsas et al., 1995; Nesbitt and Muir, 1998; Nesbitt et al., 1995; Yu et al., 

2004) and at the extremely low pH of acid mine drainage (Komnitsas et al., 1995; Yu et 

al., 2004), but not at neutral pH and under hypoxic or redox disequilibrium conditions 

where sulfide and oxygen or other oxidants may coexist due to biological activity and 

groundwater flow.   

 

Sulfide is produced by sulfate reducing anaerobes in groundwater only under 

anoxic conditions where sulfate is present at concentrations high enough to support its 

use as a terminal electron acceptor (Roesler et al., 2007; Saunders et al., 2005; Singleton, 

1993).  Under such conditions, dissolved arsenite and arsenate may react with sulfide to 

form solid phases (Das et al., 1996; O’Day et al., 2004) or aqueous complexes (Stauder et 

al., 2005).  In addition, soluble arsenite may adsorb onto iron sulfide minerals such as 

troilite and pyrite (Bostick and Fendorf, 2003; Farquhar et al., 2002; Lowers et al., 2007; 

Wolthers et al., 2005).  The interactions between sulfide and solid phase iron arsenides, 

however, have not been systematically examined.   

 

Arsenic may be mobilized from arsenopyrite by reaction with sulfide in the 

presence of oxygen (or another oxidant) through sulfide-arsenide exchange: 
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          FeAsS + HS
-
 + H

+
 + 5/4O2(aq) + ½H2O  FeS2 + As(OH)3(aq)              (1) 

 

This reaction is thermodynamically very favorable (ΔG°'298 = -510 kJ mol
-1

 at pH 

8; see Appendix II for species free energies and in situ concentrations) as are other 

analogous reactions in which Fe(III) serves as the oxidant in the conversion of arsenide to 

arsenite.  Sulfide-arsenide exchange in arsenopyrite is thought to be important in 

geothermal systems (Ballantyne and Moore, 1988; Heinrich and Eadington, 1986), but 

has not been examined at ambient groundwater conditions of low temperature and neutral 

pH.  The oxidation of arsenopyrite by oxygen (FeAsS + 3/4O2(aq) + 3/2H2O  FeS + 

As(OH)3(aq)) occurs in the absence of dissolved sulfide, but it is thermodynamically less 

favorable (ΔG°'298 = -271 kJ mol
-1

 ) than sulfide-arsenide exchange, particularly under 

hypoxic conditions.  The mobilization of arsenic and sulfur from arsenopyrite was 

recently shown to be enhanced by an autotrophic arsenite oxidizing microorganism 

(Rhine et al., 2008), but whether this mobilization involves direct oxidation of mineral 

arsenide or results from a shift in the redox poise of dissolved arsenic remains to be 

determined. 

 

Since arsenic has been shown to substitute for sulfur in pyrite (Savage et al., 2000) 

and form an arsenopyrite-like solid (Blanchard et al., 2007; Bostick and Fendorf, 2003; 

Simon et al., 1999), we hypothesized that sulfide may drive the release of arsenic from 

black shale pyrites.  To examine this hypothesis, we measured the sulfide-driven 

mobilization of arsenic from  arsenopyrite, whole black shale, and isolated black shale 
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pyrite under various redox conditions (hypoxic, oxic, and anoxic) and determined the 

oxidation state of arsenic in Newark Basin (Lockatong formation) black shale pyrite.  

 

3. 2 Materials and Methods 

Materials 

            Sulfide-arsenide exchange was examined in arsenopyrite, homogenized black 

shale, and isolated black shale pyrites.  Arsenopyrite (FeAsS) was obtained from a 

commercial supplier and verified as to element content and mineral structure by XRF and 

X-ray diffraction analyses.  Partially weathered black shale (fractured, water-saturated) 

was collected from an outcrop of the Newark Basin's Lockatong formation near Trenton, 

New Jersey (As concentration = 6 to 26 mg kg
-1

).  Black shale pyrites (1 to 5 mm prior to 

pulverization, As concentration = 0.2 to 0.6% by micro-XRF) were chiseled from 

Newark Basin (Lockatong formation) rock cores.  All reagents were analytical grade and 

solutions were prepared with ultrapure water. 

 

Abiotic arsenic mobilization experiments 

Arsenic mobilization from arsenopyrite, homogenized black shale, and isolated 

black shale pyrites was examined in batch incubation experiments conducted in the 

presence or absence of sulfide, under oxic, hypoxic, or anoxic (arsenopyrite and 

homogenized black shale only) conditions.  Rock samples were pulverized to a fine 

powder, over 95 percent of which passed through an 80-mesh screen.  Visual inspection 

indicated that clay material accounted for less than 10% of the pulverized black shale 
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pyrite samples.  A constant mass of each material (arsenopyrite 0.02 g, black shale 0.2 g, 

pyrite 0.09 g) was added to 40 ml of 10 mM HEPES-KOH (pH 8) buffer solutions in 50 

ml polypropylene tubes and incubated in duplicate.  A solution of sodium bisulfide 

(NaHS, Aldrich) was prepared in deoxygenated (N2 purged) ultrapure water and added to 

an initial concentration of 1 mM.  Sulfide-free control experiments were also performed 

for each material.  Solids were sterilized by autoclaving at 121°C for 25 minutes or 

immersion in ethanol overnight.  The HEPES buffer was sterilized by autoclaving.  After 

sterilization, solids were rinsed with sterile buffer solution three times in order to remove 

loosely bound arsenic including iron arsenate or iron arsenite surface coatings on 

arsenopyrite or pyrite (Nesbitt et al., 1995).  Oxic experiments were performed using air-

equilibrated buffer.  Hypoxic conditions were established in a glove bag flushed with 

high purity N2 for 10 minutes  For hypoxic and anoxic experiments, buffer solutions were 

purged with high purity N2 for at least 30 minutes  During hypoxic incubations, oxygen 

concentrations increased from 30 M to 70 M over three days.  Anoxic conditions were 

established in an anaerobic chamber (N2:H2=95:5) where oxygen is strictly excluded.  

Subsamples were removed from anoxic incubation tube within the chamber to avoid 

oxygen exposure.  All batch experiments were conducted at room temperature (20°C).  

 

 Batch reactors were sampled for soluble arsenic at 0.5 h after initiation and once 

or twice a day up to 4 days thereafter.  Prior to sampling, tubes were centrifuged at 3200 

rpm for 5 minutes and one to ten ml of particle-free supernatant was taken and preserved 

with EDTA (final concentrations of 1.25 mM for arsenopyrite samples, 0.125 mM for 

black shale and pyrite samples) in 15 ml polypropylene tubes.  Samples were stored in 
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the dark at 4°C until analysis. The addition of EDTA was necessary to preserve arsenic 

oxidation states (Bednar et al., 2002).  Arsenic concentrations and speciation were 

determined within 48 hours of collection. 

 

Biological arsenic mobilization from black shale under sulfate reducing conditions 

Biological mobilization of arsenic from homogenized black shale under sulfate 

reducing conditions was examined in 84 day batch incubation experiments.  Slurries of 

unsterilized, pulverized Newark Basin black shale (10% w/v) were prepared in triplicate 

in acid-washed, 160 ml serum bottles with sterilized, deoxygenated (N2 purged) BT 

culture media (41 mM phosphate, pH 7) containing 0.4 mM sulfate and 10 mM acetate.  

For biologically active treatments, unsterilized black shale was used as the 

microbiological inocculum.  For abiotic controls, dry pulverized shale was autoclaved 

under argon gas for 30 minutes, three times over three days prior to preparation of 

slurries.  Biologically active and sterile slurries were incubated at 30°C in the dark and 

thoroughly mixed each day.  Samples for arsenic analysis were collected periodically 

from the overlying water of settled slurries (prior to mixing). 

 

Analytical techniques 

            Soluble arsenic in the abiotic mobilization experiments was measured by anodic 

stripping voltammetry (ASV) using a gold-plated, nano-array carbon electrode 

(TraceDetect Nano-Band
TM

) with a platinum wire auxiliary electrode and a Ag/AgCl/KCl 

reference electrode (Huang and Dasgupta, 1999).  Reagent grade concentrated 

hydrochloric acid and nitric acid were used to acidify samples to pH less than 2 before 
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analysis.  Arsenite was reductively plated as elemental arsenic on the electrode at a 

potential of -400 mV for 20 to 60 s.  Arsenic was stripped from the electrode by anodic 

scanning from -400 mV to +800 mV with a step voltage of 17 mV and a frequency of 

1250 s
-1

.  Since ASV only detects As(III), total dissolved As was detected after reduction 

of As(V) to As(III) with sodium thiosulfate (0.5 N) for at least four minutes (Anezaki et 

al., 1999).  Sodium arsenite (NaAsO2) was dissolved in 1% (v/v) HCl to make a 1000 

ppm As(III) stock solution. Working solutions of As(III) were prepared daily from the 

stock solution.  Calibration was performed before each group of analyses.  The detection 

limit of As(III) analysis by ASV was 4 nM based on three times the standard deviation of 

the blank.  The pH in each solution was measured using an Accumet Basic (Fisher 

scientific) pH electrode and dissolved oxygen was measured using a DO electrode (model 

850, Thermo Orion).  Total soluble arsenic in the biological mobilization experiment was 

measured by ICP-MS at Rutgers Environmental and Occupational Health Sciences 

Institute (Xie et al., 2006). 

 

 The oxidation state of arsenic in Newark Basin pyrite was determined by X-ray 

absorption-near edge structure (XANES) spectroscopy.   Arsenic K-edge absorption 

spectra were collected at the National Synchrotron Light Source at Brookhaven National 

Laboratory on beamline X-11A.  Experiments were conducted using isolated black shale 

pyrites (As concentration = 0.2 to 0.6%) chiseled from Newark Basin (Lockatong 

formation) rock cores and pulverized to a fine powder.  K-edge data were calibrated by 

defining the inflection point of the gold L3-edge.  The energy value assigned to the Au 

L3-edge was 11.919 keV.  Gold foil spectra were also measured between sample runs. 
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XANES measurements were collected from 11.800 to 12.200 keV in fluorescence mode.  

For data analysis, the background was subtracted and the jump height was normalized to 

unity using the software WinXAS (Ressler, 1997).  Experimental spectra of the 

pulverized black shale pyrite were compared to powder arsenic reference standards 

including the As(III) oxide, sodium arsenite (NaAsO2), the As(II) sulfide, realgar (AsS), 

and the As(-I) iron sulfide, arsenopyrite (FeAsS). 

 

3.3 Results 

Sulfide-driven arsenic mobilization from arsenopyrite  

Arsenic mobilization from arsenopyrite was enhanced by sulfide under oxic and 

hypoxic, but not anoxic conditions.  In the absence of sulfide, 2 to 5 M of soluble 

arsenic was released from arsenopyrite in 24 h under all redox conditions (Fig 3.1).  The 

release of soluble arsenic from arsenopyrite (as well as from whole black shale and black 

shale pyrite, see below) in the absence of sulfide was likely due to the dissolution of 

small amounts of arsenate or arsenite solids left on the mineral surfaces after rinsing with 

buffer.  With the addition of 1 mM sulfide, however, more than 20 M of soluble arsenic 

was released from arsenopyrite in 24 h under oxic and hypoxic conditions (Fig 3.1).  In 

addition, the release of soluble arsenic from arsenopyrite continued in the oxic and 

hypoxic incubations for up to 72 h in the sulfide treatments, but ceased after 24 h in those 

without sulfide (Fig 3.1).  Sulfide did not enhance arsenic mobilization from arsenopyrite 

in the anoxic treatment.  Among all incubations, the highest total soluble arsenic 

concentrations after 72 h were found in the hypoxic-sulfide treatment, followed by the 
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oxic-sulfide treatment (Fig 3.1).  Note that only 20-25% of the initial added sulfide was 

consumed by reaction with oxygen in oxic and hypoxic treatments without minerals or 

shale over 72 hours. 

 

Both arsenite and arsenate were generated by decomposition of arsenic mobilized 

from arsenopyrite in oxic and hypoxic incubations (Fig 3.2).  The temporal patterns of 

total arsenic mobilization from arsenopyrite was similar to that of arsenite indicating that 

arsenate (difference between total arsenic and arsenite) was produced from the oxidation 

of mobilized arsenite.   

 

Sulfide-driven arsenic mobilization from homogenized black shale and isolated 

black shale pyrite 

The general patterns of arsenic mobilization from homogenized whole black shale 

and isolated black shale pyrite were similar to those observed with arsenopyrite; arsenic 

mobilization was higher in the presence than absence of sulfide and the rates and extents 

of arsenic mobilization were higher under hypoxic than oxic conditions (Figs 3.3 and 3. 

4).  In contrast to the arsenopyrite experiments, however, soluble arsenic concentrations 

declined after 50 h in oxic and hypoxic incubations of whole black shale and black shale 

pyrite in the presence of sulfide (Fig 3.3) and all arsenic mobilized from whole black 

shale and black shale pyrite was present as arsenate.  Soluble arsenic was below detection 

(4 nM) in anoxic incubations of whole black shale in both sulfide and sulfide-free 

treatments. 
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XANES spectroscopy of arsenic in black shale pyrite 

The energy positions of the XANES edge for arsenic in sodium arsenite, realgar, 

and arsenopyrite were 11.870, 11.868, and 11.867 keV, respectively (Fig 3.5).  The 

XANES data indicate that the position of the As K-edge shifts to lower energies with 

decreasing oxidation states. The peak position of the edge measured for arsenic in black 

shale pyrite was 11.867 keV.  A comparison of inflection points of the XANES spectra 

indicates that the arsenic hosted in the Newark Basin black shale pyrite has the same 

oxidation state (-1) as arsenic in the arsenopyrite standard. 

 

Biological arsenic mobilization from homogenized black shale under sulfate 

reducing conditions 

Immediately following the addition of unsterilized and autoclaved black shale to 

deoxygenated culture media (within 10 minutes), 1.0 M and 1.5 M, respectively, of 

soluble arsenic was released (0 d in Fig 3.6).  These initial concentrations of soluble 

arsenic were likely due to the desorption of loosely bound arsenate or arsenite associated 

with the unrinsed black shale. (Note that the concentration of shale was 20 times higher 

in these mobilization experiments than in the sulfide-arsenide exchange experiments with 

homogenized black shale and isolated black shale). After the initial release of adsorbed 

arsenic, little or no arsenic was mobilized from the black shale during the first 14 d of the 

incubations under biologically active or sterile conditions (Fig 3.6).  However, from 14 to 

42 d, more than 2 M arsenic was mobilized from the black shale in the biologically 

active treatment, while only 0.3 M arsenic was mobilized in the sterile control (Fig 3.6).  

The time lag of arsenic mobilization in the biologically active treatment during the first 
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14 d may reflect the acclimation of the microbial community to the experimental media.  

After 42 d, the concentration of soluble arsenic remained constant in the biologically 

active treatment, but decreased in the sterile control.    

 

3.4 Discussion 

 

Sulfide-driven arsenic mobilization from arsenopyrite and pyritic black shale 

The results presented here show that sulfide increases the mobilization of arsenic 

from arsenopyrite, whole black shale, and isolated black shale pyrite under hypoxic and 

oxic conditions compared with sulfide-free controls.  We propose that this mobilization 

occurs via sulfide-arsenide exchange as in reaction 1.  Other processes that could have 

driven arsenic release in our experiments include the oxidation of arsenopyrite or 

arsenian pyrite and sulfide complexation of dissolved arsenic.  Sulfide-free controls 

showed little arsenic mobilization (Figs 3.1-4) confirming that purely oxidative arsenic 

mobilization did not occur to a major extent.  Sulfide complexation of dissolved arsenic 

(i.e. formation of thioarsenites or thioarsenates) should have driven arsenic mobilization 

under anoxic as well as oxic and hypoxic conditions, but arsenic mobilization was lowest 

in the anoxic treatments. 

 

 For arsenopyrite, sulfide-arsenide exchange is thought to be important in low pH, 

geothermal systems (Ballantyne and Moore, 1988; Heinrich and Eadington, 1986), but 

our results demonstrate its potential importance in low temperature circumneutral pH 

settings as well.  We can extend this mechanism to black shale arsenian pyrite using 
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arsenopyrite as a model mineral for sulfide-driven arsenic mobilization and by comparing 

the chemical forms of arsenic in black shale pyrites and arsenopyrite.  It was previously 

shown by X-ray photoelectron spectroscopy that 85% of the arsenic in arsenopyrite is 

present as arsenide (-1 oxidation state) with the remaining 15% present as elemental 

arsenic (Nesbitt et al., 1995).  Furthermore, previous XANES measurements have shown 

that arsenic is present as As(-1) in arsenian pyrite (Savage et al., 2000; Simon et al., 

1999).  Our XANES results (Fig 3.5) are consistent with these studies and show that 

arsenic in Newark Basin black shale pyrite is most likely present as arsenide (-1 oxidation 

state).  Black shale arsenian pyrite may therefore be susceptible to the same sulfide-

driven arsenic mobilization process as occurs in arsenopyrite.   

 

 The lack of an effect of sulfide on arsenic mobilization from arsenopyrite and 

whole black shale under anoxic conditions indicates that sulfide-driven arsenic 

mobilization from both materials requires an oxidant as in reaction 1. 

 

            All three materials released more arsenic under hypoxic (30 to 70 M O2) than 

oxic conditions.  This may have resulted from the formation of iron oxide crusts on pyrite 

surfaces in the oxic treatments that slowed or prevented reactions of solid phase arsenic 

with sulfide (Komnitsas et al., 1995; Nesbitt et al., 1995; Schaufuss et al., 2000; Walker 

et al., 2006; Yu et al., 2004).  In addition, the oxidation of sulfide was more rapid under 

oxic than hypoxic conditions decreasing sulfide's reactive lifetime.  
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 In the proposed sulfide-arsenide exchange reaction, arsenic is mobilized as 

arsenite, but soluble arsenate represented 30% to 70% of dissolved arsenic in the oxic and 

hypoxic incubations of arsenopyrite and was the only soluble form of arsenic detected in 

the whole black shale and black shale pyrite experiments.  Soluble arsenate in these 

experiments was likely produced by the oxidation of mobilized arsenite in solution.  

Since the concentrations of dissolved arsenic were 100 times lower in the black shale and 

black shale pyrite incubations than in the arsenopyrite incubations, only partial oxidation 

of mobilized arsenite occurred with arsenopyrite, while with the black shale and black 

shale pyrite, arsenite oxidation was nearly complete.  Desorption of arsenate from 

arsenopyrite and pyrtite surfaces can occur (Yu et al., 2004), but much if not all adsorbed 

arsenate should have been removed by rinsing with incubation buffer prior to the start of 

these experiments (Nesbitt et al., 1995).  Another possible source of arsenate is the 

production of thioarsenate (H2AsO3S
-
) by the reaction of arsenite and sulfide or elemental 

sulfur (Stauder et al., 2005), however, this would only be possible in the sulfide 

treatments.   

 

The precipitation of orpiment could not have removed soluble arsenite in the 

whole black shale and black shale pyrite experiments since it was undersaturated in these 

incubations.  However, arsenite could have been selectively removed from solution by 

adsorption since at pH 8, arsenite shows greater adsorption on iron sulfide minerals than 

arsenate (Bostick and Fendorf, 2003). 
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Although the mechanistic details of sulfide-arsenide exchange will require further 

study, it is likely that this reaction proceeds by the initial binding of sulfide to iron on 

arsenopyrite or arsenian pyrite surfaces destabilizing solid phase arsenide.  Destabilized 

arsenide on the surface of these minerals would be susceptible to oxidation by aqueous or 

solid phase oxidants.  The oxidation and subsequent hydrolysis of arsenic would lead to 

the release of soluble arsenite and allow bound sulfide to form pyrite.    

 

Implications for the environment 

 Groundwater arsenic concentrations in sedimentary rock aquifers often exceed the 

U.S. Maximum Contaminant Level of 10 μg L
-1

 (0.13 M) (Ryker, 2003; Welch et al., 

2000).  Although the weathering of pyritic black shale appears to be the ultimate source 

of arsenic to groundwater in sedimentary rock aquifers (Peters and Burkert, 2008), the 

mechanism of arsenic mobilization is unclear.  Our results indicate that a sulfide-arsenide 

exchange and oxidation reaction may drive arsenic mobilization from sedimentary rock 

pyrites.  This mechanism will be most important at the boundary of oxidizing and 

reducing environments that support sulfate reducing bacteria.  Such conditions of redox 

disequilibrium occur in confined aquifers where oxygenation rates are slow and hypoxic 

and anoxic groundwaters mix (Massmann et al., 2003; Yamanaka et al., 2007).   

 

The redox stoichiometry of sulfide-arsenide exchange indicates that if sulfide is 

present, arsenic may be mobilized from arsenopyrite and arsenic-rich pyrite only when an 

oxidant is available.  In natural groundwater, Fe(III), Mn(IV), or nitrate could serve as 

oxidants in sulfide-driven arsenic mobilization in the absence of oxygen.  Indeed the 
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energetics of sulfide-driven arsenic mobilization from arsenopyrite (at pH 8) are 

favorable for reactions with Fe(OH)3 (ΔG°'298 = -143 kJ mol
-1

), MnO2 (ΔG°298 = -405 kJ 

mol
-1

), or nitrate (ΔG°298 = -360 kJ mol
-1

).  Analogous thermodynamic calculations are 

not possible for arsenian pyrite which is a heterogeneous solid of variable composition.  

However, we can predict that arsenic-enriched pyrite surfaces of arsenian pyrite are less 

stable than pure arsenopyrite.  In this case, sulfide-arsenide exchange with arsenian pyrite 

will be even more favorable than that for arsenopyrite.  Arsenic mobility in fractured rock 

aquifers containing pyritic black shale will therefore be determined in part by the 

concentrations of sulfide and available oxidant.  Sulfide-driven arsenic mobilization 

reactions will proceed until the surfaces of the exposed arsenopyrite or arsenian pyrite are 

depleted of arsenic and enriched in pure pyrite.  Once new arsenic-rich surfaces become 

exposed through the oxidation of surface pyrite and/or the formation of new fractures in 

the shale, the process will begin again.   

 

 The mobilization of arsenic in biologically active incubations under sulfate 

reducing conditions (N2 atmosphere, sulfate, organic carbon) was seven times higher than 

in sterile controls (Fig 3.6).  One explanation for this result is that sulfide generated by 

sulfate reducing bacteria in the biologically active incubations drove arsenic mobilization 

from the solid phase as in our abiotic experiments, although other direct or indirect, 

microbially-catalyzed processes resulting in the dissolution of the solid phase are also 

possible.  The continuous mobilization of arsenic over a period of four weeks in the 

biologically active treatments (Fig 3.6), compared with a time scale of arsenic release of 

only two days in the abiotic sulfide exchange experiments (Fig 3.3), reflects the 
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continuous production of sulfide by sulfate reducing bacteria during their growth and 

provides a more realistic model of how this process may occur in an aquifer.  Sulfate 

reduction has been shown to lower dissolved arsenic levels in unconsolidated glacial 

aquifers, presumably through the precipitation of arsenic sulfides and/or iron sulfides 

(Kirk et al., 2004).  In sedimentary rock aquifers with major formations of pyritic black 

shale, however, our results suggest that microbial sulfide production will enhance arsenic 

mobilization to groundwater. 

 

The importance of sulfide-arsenide exchange to arsenic mobilization in a given 

black shale aquifer will depend on the relative rates of this and competing processes.  Our 

results show that the abiotic mobilization of arsenic from arsenopyrite and black shale 

arsenian pyrite by reaction with oxygen is much slower than that of sulfide-arsenide 

exchange (Figs 3.1-4).  Moreover, the maximum specific rate of arsenic mobilization 

from arsenopyrite by sulfide exchange observed here (5.4 x 10
-3

 d
-1

) is comparable to that 

for biological mobilization of arsenic from arsenopyrite catalyzed by a dense, lab-grown 

culture of an arsenic oxidizing aerobe (9.3 x 10
-3

 d
-1

) (Rhine et al., 2008).  This indicates 

that, if conditions are favorable (sulfide and an oxidant are present), sulfide-arsenide 

exchange has the potential to compete with biologically-driven mobilization of arsenic 

from arsenian pyrite. 
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Figure 3.1. Mobilization kinetics of total arsenic from arsenopyrite incubated at pH 8 

under oxic (20% O2; circles), hypoxic (2% O2; squares), and anoxic (5% H2, 95% N2; 

triangles) conditions with (filled) or without (open) 1 mM sulfide.  Means of duplicate 

incubations are plotted; error bars show upper and lower values.  
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Figure 3.2.  Mobilization kinetics of total arsenic (squares) and arsenite (circles) from 

arsenopyrite under oxic (a), and hypoxic (b) conditions with (filled) or without (open) 1 

mM sulfide.  Arsenite was measured by ASV in acidified samples and total arsenic was 

measured after reduction with thiosulfate.  Means of duplicate incubations are plotted; 

error bars show upper and lower values. 
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Figure 3.3.  Mobilization kinetics of total arsenic from homogenized Newark Basin black 

shale under oxic (circles) and hypoxic (squares) conditions with (filled) or without (open) 

1 mM sulfide.  Means of duplicate incubations are plotted; error bars show upper and 

lower values. 
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Figure 3.4.  Mobilization kinetics of total arsenic from isolated Newark Basin black 

shale pyrite under oxic (circles) and hypoxic (squares) conditions with (filled) or without 

(open) 1 mM sulfide.  Means of duplicate incubations are plotted; error bars show upper 

and lower values. 
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Figure 3.5.  Arsenic K-edge x-ray absorption-near edge structure (XANES) for the As(III) 

oxide, sodium arsenite (NaAsO2), the As(II) sulfide, realgar (AsS), the As(-I) iron sulfide, 

arsenopyrite (FeAsS), and arsenian pyrite isolated from Newark Basin (Lockatong 

formation) black shale.  Vertical line shows peak arsenic absorbances for arsenopyrite 

and Newark Basin arsenian pyrite (11.867 keV). 
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Figure 3.6. Arsenic mobilization from homogenized Newark Basin black shale incubated 

under biologically active, sulfate reducing (filled squares) and sterile (open squares) 

conditions.  Values are means of triplicate incubations  1 standard deviation. 
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CHAPTER 4 

 MICROBIAL COLONIZATION OF IRON SULFIDE SUBSTRATE IN SUBSURFACE 

ENVIRONMENT 

 

Abstract 

 

Thick biofilms were observed on the surfaces of pyrite bearing black shale sections 

during their in situ incubation in groundwater for 1 month. The microbial colonization 

pattern on the black shale sections observed under epi-fluorescence microscope indicated 

preferential microbial attachment to pyrite rather than the shale matrix. Scanning electron 

microscopy (SEM) further confirmed the colonization preference and revealed the co-

occurrence of secondary iron minerals and bacterial shaped pits on pyrite which indicates 

biological involvement in the formation of these secondary solid phases. Molecular 

characterization of attached bacterial communities on pyrite, arsenopyrite and quartz sand 

minerals incubated in the groundwater was achieved by isolating bacterial DNA and 

performing polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-

DGGE). The 16S rDNA sequences obtained from all three materials suggested that 

majorities of the attached bacteria belong to phylum proteobacteria, and most of them are 

members of Fe (III)-reducing Geobacteraceae in the δ-proteobacteria. Other groups such as 

β and ε-proteobacteria whose members are able to oxidize iron or sulfur were also 

identified in the biofilm that attached to arsenopyrite. For pyrite, attached microbes were 

recognized as members from β and δ-proteobacteria. δ - proteobacteria and one Gram 

Positive Clostridium species were also detected in the biofilm on quartz sand. This study 
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indicated that microbes may play an essential role in the transformation of iron sulfides and 

their secondary minerals such as iron hydroxide in the pyrite bearing substrata in contact 

with slightly acidic groundwater.  
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4.1 Introduction 

The subsurface environment on Earth can be viewed as an electron reservoir and 

reduced iron sulfur minerals such as pyrite in the underlying substrata play a major role as 

electron source for biological activities. Weathering of pyrite has profound impact on the 

iron and sulfur redox cycles in the environment. Pyrite oxidation can be achieved via either 

biotic or abiotic pathways and microbially catalyzed pyrite oxidation is faster than 

chemical reaction. The Fe (II) in pyrite can function as electron donor for iron oxidizing 

microorganisms under oxic or anoxic conditions. Sulfur oxidizing microorganisms can also 

obtain energy by oxidizing the reduced sulfur in pyrite. From a thermodynamically point of 

view, much more energy can be harnessed from the oxidation of reduced sulfur compounds 

than the ferrous iron (Hazeu et al., 1986; Malki et al., 2006). The energy harvested via iron 

sulfides oxidation can facilitate the growth of chemolithotrophic microorganisms that 

mediate the process (Edwards, 2004; McCollom, 2000).  

 

In natural environment, pyrite weathering is indisputably involved with or even 

controlled by biological activities. The mechanism of microbially involved pyrite oxidation 

is controversial. Two basic mechanisms were proposed, the “direct” (attach to mineral 

surface and dissolve sulfides without a soluble electron shuttle) or the “indirect” (not attach 

to mineral surface and oxidize the metal sulfide via Fe(II)/Fe(III) shuttle) pathways 

(Rodriguez et al., 2003a; Rodriguez et al., 2003b; Schippers and Sand, 1999). The direct 

attack was initiated by cells attaching to the exposed sulfide surfaces. Dissolution of the 

mineral was achieved by transferring electrons from the mineral substrate to an appropriate 

electron acceptor. On the other hand, the indirect attack was achieved by microorganisms 
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accelerate the regeneration of ferric iron in the solution and this soluble ferric iron further 

oxidizes the reduced iron sulfide minerals (Harneit et al., 2006; Konhauser, 2006; Malki et 

al., 2006; Sand et al., 1995).   

 

Diverse microorganisms within domains of Achaea and Bactria are involved in the 

pyrite weathering process. There has been abundant research concerning the biological 

control of the pyrite oxidation at low pH, for example, in the bioleaching industry or acid 

mine drainage environment (Bond and Banfield, 2001; Edwards et al., 2000; Edwards et al., 

1999; Meyer et al., 1999). Acidophilic bacteria such as members from genera Thiobacillus 

and Leptospirillum and achaea microbe Ferroplasma acidarmanus are usually identified in 

the acid mine drainage process (Baker and Banfield, 2003; Edwards et al., 2000). However, 

at neutral or slightly acidic pH, pyrite weathering had been discounted despite its 

importance in local iron and sulfur geochemistry. Neutrophillic iron oxidizers such as 

aerobic Gallionella ferruginea and anaerobic and nitrate-dependent Thiobacillus 

denitrificans can facilitate the solid iron oxidizing process (Ehrlich, 2002; Weber et al., 

2006).  

 

The bio-oxidation products of pyrite were characterized as biogenic Fe(III) oxides, 

including 2-line ferrihydrite, goethite, hematite and mixed phase Fe(II)-Fe(III) minerals,  

Fe-complex ligands and etc (Chaudhuri et al., 2001; Lack et al., 2002; Toner et al., 2009; 

Weber et al., 2006). The generated iron(III) may serve as electron acceptors under anoxic 

condition and the reduction processes are also considered to be biologically mediated in 

nature, coupled with the oxidation of organic matter, hydrogen or S(0) (Chapelle and 
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Lovley, 1992; Lovley, 1995; Lovley, 1997). Phylogenetically diversed iron reducers 

throughout the Archaea and Bacteria have been identified for using Fe (III) as electron 

acceptors. Pure cultures of Fe (III) reducing extremophiles such as thermophilic and 

hyperthermophilic microorganisms have been obtained from extreme environments 

(Lovley et al., 2004). At circumneutral pH, family Geobacteraceae from ε-proteobacteria, 

Shewanella putrefaciens from γ-proteobacteria together with other ferric iron respirers have 

been well characterized in terrestrial and subsurface environment (Ehrlich, 2002; Lovley, 

2001). Besides, some microbes that belong to β-proterobacteria and Geothrix fermentans 

from Acidobacteria might also be responsible for iron reduction in sediments and aquifers 

(Coates et al., 1999; Cummings et al., 1999; Karrie A. Weber, 2006). Moreover, 

fermentative microorganisms may also contribute to the Fe (III) reduction process, yet, it 

was considered as a minor role in iron geochemical cycling compare to the respiratory iron 

reduction (Weber et al., 2006).  

 

In summary, the transformations among different oxidation states of sulfur and iron 

in the subsurface environment are tightly intertwined with microbiological activities. The 

pre-incubation of black shale thick sections in a Lockatong formation sedimentary rock 

aquifer in West Trenton, New Jersey showed abundant biomass colonized on the surface of 

pyrite mineral. The hypothesis of our research was that autotrophic microorganisms might 

be identified from the biomass since they are able to utilize the iron sulfide mineral as 

electron sources. However, the possible existence of heterotrophs cannot be excluded.  The 

dissolution of the minerals by chemoautotrophic microorganisms may provide electron 

acceptors such as ferric iron and/or sulfate to heterotrophs and with the availability of 
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organic matter, heterotrophic microorganisms may present and play an important role in the 

subsurface iron or sulfur transformation processes. A study on the composition of the 

microbial community that colonizes on iron sulfide minerals was thus conducted for a 

detailed understanding of the local sulfur and iron biogeochemical processes.  

 

4.2 Methodology 

 

Site description 

The colonization experiment was conducted in a well in the Naval Air Warfare 

Center (NAWC) in West Trenton, New Jersey. The NAWC lies within the Newark Basin 

and is characterized by Triassic-age clastic sedimentary rocks, predominately mudstone in 

the Lockatong Formation, and sandstone in the Stockton Formation (Fig 4.1). The well 

used in this investigation is in the Lockatong formation and has a total depth of 45 ft with a 

depth to water of 19.46 ft (Fig 4.2).  

 

The chemical composition of the groundwater in 33BR well where we deployed our 

samples is presented in table 1. These parameters were measured after pumping out 3 well 

volumes and therefore are believed to represent aquifer water. The well water was slightly 

acidic with pH around 4.8, which may be attributed to the weathering of pyrite bearing 

rocks. The NAWC is a polluted site with soil and groundwater by TCE and other 

contaminants, however, the well used in this study is located outside of the plume.  
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Sample deployment 

Polished black shale thick sections (2.7 cm X 4.6 cm X 1 mm thick) of the 

Lockatong Formation used for the colonization experiments were cut from sections of core 

from the Newark Basin coring project. They were sterilized by ethanol immersion 

overnight and buffed with fine sandpaper to remove surface oxides or biofilms. Mineral 

pyrite, arsenopyrite and quartz sand (as control) were crushed into grains between 350 to 

1000 μm and packed in 350 μm nylon pouches. The individual pouches were repeatedly 

sterilized with ethanol immersion overnight and air dried over 3 consecutive days. Thick 

sections and pouches were deployed into the well depth around 5 ft to the bottom in the 

Naval Air Testing site in West Trenton for incubations of 4 to 5 weeks during July-

September 2007 and 2008 (The apparatus for deployment were illustrated in figure 4.3). 

Upon retrieval, each thick section was kept moist in polypropylene tubes and pouches were 

left in deployment cups and placed on ice during transportation. Thick sections for SEM 

study were fixed immediately upon return to the laboratory (within 1-2 hours) and pouches 

were stored at –80 °C until further use. 

 

Experimental design of microbial community investigation was briefly illustrated in 

figure 4.4, black shale thick sections were undergone DAPI staining, SEM study as well as 

the attempt of biofilm enrichment; packed mineral grains were under gone DNA extraction 

and further molecular biological study.  
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DAPI staining 

Thick sections were transferred to 1 μg/mL DAPI and incubated at room 

temperature for 30 minutes. Following staining, sections were rinsed in DI water for less 

than 1 minute to remove unbound DAPI prior to examination. A Zeiss Axioskop epi-

fluorescence microscope and Nikon 9900 camera were used for viewing thick sections of 

black shale and capturing pictures. 

 

Scanning electron microscopy (SEM) and Energy Dispersive Spectrometry (EDS) 

Thick sections were fixed immediately after retrieval from the well. Primary 

fixation was accomplished by immersing thick sections in 2% phosphate buffered 

formaldehyde (pH 7.3) for 2 hours. Following fixation, thick sections were rinsed twice by 

immersion in 0.05 M phosphate buffer (pH 7.3) for 15 minutes each time. Thick sections 

were then dehydrated by immersion in increasing concentrations of ethanol as shown 

below.  

 
 

 

 

 

 

Dehydrated slides were kept in 100% ethanol until critical point drying. Preserved 

thick sections were critical point dried (Balzers Union, CPD 020) and sputter coated with 

gold (Balzers SCD 004) prior to observation using an Amray 1830I scanning electron 

Ethanol Concentration Time 

50% ethanol 

70% ethanol 

80% ethanol 

95% ethanol 

100% ethanol 

100% ethanol 

15 min 

15 min 

15 min 

15 min 

15 min 

15 min 
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microscope at the Rutgers University Division of Life Sciences Electron Imaging Facility.  

The element composition of a subset of thick sections was examined by energy dispersive 

spectroscopy (EDS) using a JEOL JXA 8200 electron microprobe in the department of 

Earth and Planetary Sciences at Rutgers University.  The relative atomic abundances of Fe, 

S, and O were detected based on their Kα electron energies after ZAF matrix correction. 

 

 

Enrichment of the Biofilm Microorganisms  

Biofilm on the black shale thick sections were scraped by sharp blades and 

transferred into a liquid culture medium containing 10 mL of BT medium (see Appendix 

III for medium composition) and 10 mM NaHCO3with a mixture of pulverized grains 

including 40 mg pyrite and 10 mg arsenopyrite. A control tube with same medium 

composition while absent of any biomass from thick sections was also prepared. Both tubes 

were kept at room temperature.  

 

Sulfide and arsenite agar plates were made with the BT medium plus 10 mM 

NaHCO3 and 1.8 g/L agar, with addition of either 5 mM sulfide (NaHS) or 5 mM of 

arsenite (NaAsO2). After 7 days of incubation, cells were looped from the liquid culture 

medium and streaked on the plates. Then the plates were stored in the dark at room 

temperature. After 1 week, small white colonies with similar shape and size were observed 

on the plates. The colonies on the plates were randomly picked and inoculated into liquid 

BT medium plus bicarbonate with 5 mM either sulfide or arsenite.  
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DNA extraction and PCR 

Minerals and sand were emptied from nylon pouches and subjected to DNA 

extraction using PowerSoil DNA isolation kit (MoBio Laboratories, Inc. Carlsbad, CA) 

according to manufacturer’s protocol.   

 

            A portion of the extracted DNA was then used to amplify a segment of the bacterial 

16S rDNA gene by PCR using the USB Taq PCR Kit (USB Corporation, Ohio). Each PCR 

mixture contained 0.2 μM of each universal bacterial primer (338f and 519r) (1 uL for 

each), 5 unit/μL Taq DNA polymerase (0.25 uL) and 10X PCR buffer (5 uL), 0.2 mM 

dNTP-Mix (1 uL) and 2.5 mM MgCl2 (2 uL). DNA template and DI water brought the PCR 

mixture to a final volume of 50 μL. The PCR protocol included an initial 5 min 

denaturation at 94°C, followed by 30 or 40 thermal cycles of 30s at 94°C, 30s at 55°C and 

30s at 72°C. Amplification was completed with a final extension step at 72°C for 7 min.  

 

 

Denaturing Gradient Gel Electrophoresis (DGGE) and DNA sequencing  

DGGE was carried out in a DCode system manufactured by Bio-Rad laboratories 

Inc., CA with 30% to 80% of acrylamide gel at 55V for 16 hours. The DGGE profiles were 

viewed and further examined under UV light. Targeted bands were excised from gel under 

UV light and placed in 20 uL of sterilized DI water overnight at 4°C. PCR was then 

performed with the eluted DNA template in water and further purified with UltraClean 

PCR Clean-up kit (Mobio, CA) according to manufacturer’s instruction. Cleaned gene 

segments were sent for sequencing to Genewiz Lab, Inc (NJ).  
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DNA sequencing results analysis 

Sequencing results of the 16S rDNA gene segments were analyzed and compared 

to the sequences in GenBank database by BlastN (National Center for Biotechnology 

Information database) (http://www.ncbi.nlm.nih.gov). Species that indicated highest 

similarities to the sample 16s rDNA gene segments were selected as the most relevant. 

 

4.3 Results 

 

DAPI staining  

Before incubation, some of the black shale thick sections were DAPI stained and 

observed under epi-fluorescence microscope as for comparison with the later colonization 

patterns on the mineral surface. Pyrite grains on the black shale were shown as red squares 

with the epi-fluorescent light and were free of microorganisms (Fig 4.5). After incubating 

the black shale thick sections in subsurface well water, thick sections were retrieved, DAPI 

stained and observed. Favorable colonization of microorganisms on pyrite mineral was 

detected. Contrast of microbial colonization patterns between pyrite mineral and black 

shale matrix indicated that microorganisms preferred to attach on the pyrite mineral surface 

(Fig 4.6). Microorganisms almost covered the pyrite mineral grains except for several 

streaks on the surface caused by handling. Figure 4.6 (a)  indicated small pyrite grains 

attract microbial colonization relative to shale matrix with pyrite in red and the shale matrix 

in dark. Below left (Fig. 4.6 (b)), pyrite mineral surface was shown with red 

autofluorescence. Below right (Fig 4.6 (c)), pyrite mineral surface was with red 

fluorescence filtered out.  
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Scanning Electron Microscopy (SEM) 

The black shale thick sections were gold plated and observed under scanning 

electron microscopy (SEM). Several different morphologies of microbes, including rod, 

oval and stalk shaped cells were detected on sections and most of them were found 

embedded within extracellular polymeric substances (EPS) (Fig 4.7 (a)). Microbial 

colonization showed similar preference for pyrite substrate rather than shale matrix, which 

was in agreement with our DAPI staining observation. Moreover, bacteria shaped pits were 

observed on the surface of black shale thick sections (4.7 (c)) and the co-occurrence of 

cells and pits may provide some evidence of biological involvement in the pit formation.  

 

Energy Dispersive Spectroscopy 

The elemental composition of the secondary formations on the surface of the pyrite 

was identified by energy dispersive spectroscopy (EDS). The chemical composition of 

pyrite on the same surface was also checked as control. Fe, S and other elements such as O, 

Mg and Ca were identified from the secondary formations while only Fe and S were 

recognized for the pure pyrite mineral. Higher Fe/S ratio was recognized in the secondary 

formations when compared to the control pure pyrite (data not shown). 

 

Molecular study of attached microbes 

No growth was observed from the liquid culture medium of either sulfide or 

arsenite utilizing bacteria in a month. Thus, the attempt of culturing the microbes from the 

biofilm that attached to the black shale thick section surfaces was unsuccessful. However, 
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the incubation of mineral grains in nylon packs in the well groundwater and extraction of 

the bacterial 16S rDNA from the mineral biofilms successfully provided us with the 

information on the microbial genotypes that attached to the mineral.  

 

DGGE   

Similar profiles were observed from the biofilms that were extracted from quartz 

sand, pyrite and arsenopyrite. Yet, some bands were recognized only within profiles of 

arsenopyrite or pyrite. Forty-five Bands in total were excised from DGGE gel and all were 

amplified by PCR with primer 338f. Among them, 33 of the bands were recognized with 

positive DNA results confirmed by agarose gel check and 12 of them did not successfully 

get amplified. Bands that successfully amplified were purified and then sent for sequencing. 

24 of them were returned with useable sequences that were with at least 100 

distinguishable base pairs (Fig 4.9). 

 

16S rDNA sequencing results 

The sequences of gene segments obtained from the biofilms were compared with 

other sequences deposited in GenBank database by BlastN. It is notable that the biofilm 

bacteria were mostly comprised by members of the Proteobacteria phylum, including those 

in β-, δ- and ε-proteobacteria families. Microbes from the pyrite biofilm appeared to be 

closely related to the β- and δ-proteobacteria and microbes from the arsenopyrite biofilm 

were associated with β-, ε-and δ-proteobacteria (Table 4.2). Quartz sand was colonized by 

members from δ-proteobacteria and Gram positive bacteria (Table 4.2).  
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All three biofilms were detected microorganisms that closely related to Geobacter 

sp. from δ-proteobacteria.  Some of the sequences from arsenopyrite biofilm were 

recognized belong to β- and ε-proteobacteria, such as sequences that share high similarities 

to Decholoromonas, Ferribacterium, Thiobacillus in β-proteobacteria and Sulfurricurvum 

kujiense in ε-proteobacteria (Table 4.3). Some of the species from Decholoromonas and 

Thiobacillus genera were iron oxidizing autotrophs. Sulfurricurvum kujiense, which was 

found 100% identical with the sequence from arsenopyrite biofilm, is a sulfide oxidizing 

autotroph. On the biofilm of pyrite, similar sequences were found from β-proteobacteria. 

Yet, no ε-proteobacteria was identified. 

 

4.4 Discussion 
 
 

Microbial activities play a significant role in the transformations of iron and sulfur 

among their different oxidation states in nature. Abundant research has examined pyrite 

oxidation at extremely low pH and various kinds of acidophilic bacteria have been 

recognized in the process. However, much less attention has been given to the biological 

iron sulfide transformation at circumneutral or slightly acidic environment. Indeed, the pH 

for most subsurface environments such as groundwater or aquifer sediments usually ranges 

from slightly acidic to slightly alkaline, depending on local geochemical controls. At 

different pH conditions, one would expect major microorganisms and pathways for pyrite 

oxidation and subsequent transformations may not be the same as in acid mine drainage. 

 

On the contrary of abundant research regarding microbial colonization on pyrite in 

acid mine drainage, the colonization of microbes on sulfide minerals at slightly acidic to 
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neutral pH has not been widely documented. In the most thorough study of this 

phenomenon, pyrite and other sulfide minerals were deployed to the seafloor for two 

months and all exposed mineral surfaces were observed to be covered by biofilms with 

various degrees of thickness upon retrieval (Edwards et al., 2003a). Neutrophilic iron 

oxidizing bacteria were enriched and isolated from the incubated minerals indicating 

biological involvement in iron sulfide weathering in the marine environment (Edwards et 

al., 2003b). However, in the terrestrial environment, such research has not been done yet. 

 

The preferred colonization of microbes on the pyrite mineral rather than on the 

shale matrix was shown by both DAPI and SEM results (Fig 4.6 and 4.7). This indicated 

the close association between the microorganisms and iron sulfide minerals. A monolayer 

biofilm may be developed by the initial attachment of cells on the mineral surface; an 

extracellular polymeric substances (EPS) layer may be formed (Schippers et al, 1999). EPS 

plays an important role in the direct contact of bacteria with minerals and promotes the 

dissolution of metal sulfides through the complexation of Fe (III) ions that attack the 

mineral surfaces (Sand and Gehrke, 2006). As a result, the bacteria shaped pits on the black 

shale thick sections may be generated by the embedment of cells in the EPS. 

 

 
The clustered secondary formations adjacent to pits or cells have a consistent 

morphological appearance with previously observed iron oxides generated by Fe- oxidizing 

bacteria (Malik et al., 2001; Mikkelsen et al., 2007). Indeed, the exoploymers of 

Gallionella ferruginea, an iron oxidizing, chemolithotrophic bacteria that lived in low-

oxygen conditions was observed in the form of twisted Fe oxides stalk on the surface  (Fig. 
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4.8). Microbes were usually encrusted with bacteriogenic iron oxide precipitate (Ehrlich, 

2002). Observations of co-occurrence of cells and secondary formations may suggest the 

iron sulfide mineral utilization by microorganisms. One possibility is that the autotrophic 

microbes might produce these secondary formations by using iron sulfide as energy 

substrates. 

 

Indeed, autotrophic microorganisms were detected within the biofilm of the 

arsenopyrite and pyrite minerals.  Some of the sequences revealed high similarities to the 

sulfur and iron oxidizing microorganism species that belonged to Proteobacteria phylum. 

For example, ε-proteobacteria had been identified from the recovered 16S rDNA sequences 

from arsenopyrite biofilm. It is one of the dominant bacterial groups from some 

subaqueous sulfidic microbial mat communities (Engel et al., 2004). The most closely 

related species to our ε-proteobacteria that found in the arsenopyrite biofilm was 

Sulfuricurvum kujiense. This chemolithoautotrophic sulfur-oxidizing strain is able to use 

elemental sulfur, sulfide and thiosulfate as energy sources (Kodama and Watanabe, 2003). 

 

Beta-proteobacteria is one of the major bacterial groups detected in acid mine 

drainage environment. The recovered 16S rDNA sequences that identified as β- 

proteobacteria were also detected in biofilms of both arsenopyrite and pyrite, including 

Thiobacillus, Dechloromonas and Ferribacterium. One of the closely related isolates of 

these sequences was within the genus of Thiobacillus. Most Thiobacillus species are 

thermophilic and acidophilic with several exceptions which only grow at neutral pH, and 

they are able to oxidize iron and inorganic sulfur compounds. Some other sequences were 
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found sharing high similarities to Dechloromonas sp. HZ, a chemoautotrophic facultative 

anaerobe (Zhang et al., 2002). Moreover, species in Dechloromonas genus have been 

observed with the ability of metabolizing Fe (II) coupled with perchlorate/chlorate (Weber 

et al., 2006). Sequence that closely related to Ferribacterium was also recognized in the 

iron sulfide mineral biofilm. One of the heterotrophic species in Ferribacterium was a 

dissimilatory Fe (III) reducing bacteria that capable of coupling the oxidation of acetate and 

other organic acids to the reduction of ferric iron (Cummings et al, 1999). However, 

although we observed the stalk structures on the surface of black shale that highly 

resembled to Gallionella, we did not find sequences that belong to this genus. The 

recognition of these microbes further supports the hypothesis that microbial activities were 

involved with iron and sulfur oxidation on the mineral surface. 

 

Besides autotrophic bacteria, heterotrophs like iron reducers such as the 

Ferribacterium, were also recognized from the biofilm. Biogenic iron oxyhydroxide can be 

reduced by iron reducers when coupled with organic matter or other electron donors. δ-

proteobacteria probably composed a predominant population (more than half of the 

analyzed sequences) in all three biofilms from pyrite, arsenopyrite and quartz sand. Some 

of the δ- proteobacteria were most closely related to Geobacter species in the 

Geobacteraceae family, which is one of the most predominant Fe (III) reducers in a variety 

of subsurface environments (Holmes et al., 2002). Generally speaking, δ-proteobacteria 

family could represent anaerobic iron reducing heterotrophs (Devereux et al., 1989; Lovley, 

1997). It should be pointed out that in the well, iron reducing species like Geobacter and 

Ferribacterium may be supported by Fe oxides from the well casing, but the mineral 
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incubations were protected from falling debris by their plastic cups.  

 

With EDS, it was observed that the secondary formations occurred on the surface of 

pyrite mineral on black shale thick sections were composed by Fe, S and O as well as other 

metals such as Ca and Mg. With a higher ratio of Fe/S compared to pure pyrite, these 

secondary formations on the surface of pyrite mineral were likely to be amorphous iron 

oxyhydroxide that transformed from pyrite. Given that the black shale thick sections were 

polished before deploying to the groundwater, they must have been formed during the 

incubation. From a biological view, the iron in the secondary formations may serve as the 

electron acceptors for heterotrophic microbial respiration. The energy source for these 

heterotrophs could come from the organic matter that were trapped by the biofilm on the 

iron sulfide mineral surface or from the groundwater. High dissolved iron concentration 

(825 μg/L) was detected in the studied groundwater well and aqueous Fe
2+ 

should compose 

most of the dissolved iron with pH at around 4.8 and Eh at around -88 mV (Table 4.1). The 

occurrence of abundant ferrous iron in the Lockatong formation groundwater could be due 

to the reduction of solid secondary iron (III) minerals on black shale surfaces by Geobacter 

species over thousands of years. 

 

Besides the Proteobacteria phylum, other bacteria were also recognized in the 

biofilm. For example, a sequence that was very closely related to Gram positive bacteria 

Clostridium was detected in quartz sand. Some strains such as Clostridium butyricum and 

Clostridium beijerinckii can respire Fe (III) heterotrophically and the latter preferably 

reduces amorphous Fe (O)OH to the crystalline forms (Dobbin et al., 1999; Munch and 
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Ottow, 1980).  

 

Compared to the proteobacteria microorganisms identified at low pH acid mine 

conditions, of which most belong to the β and γ subdivisions (Bond et al., 2000; Hallberg et 

al., 2006; Yang et al., 2008), δ-proteobacteria was not often reported in acid mine drainage 

locations (Bond et al., 2000; Bruneel et al., 2006; Hao et al., 2007). Yet in our study, 

Geobacter was one of the dominant bacterial groups. This may be attributed to the presence 

of Fe (III), primarily as solid secondary minerals on black shale surfaces. 

 

Moreover, if compared to the microbial community composition in the black shale 

at other locations, such as the New Albany shale in Clay City, Kentucky, USA, 

Dechloromonas in the β-proteobacteria family was also identified as well as the Gram+ 

eubacteria, Clostridium from the black shale, which was in agreement with our study. 

However, γ-proteobacteria were also recognized, similar to the acid mine drainage 

microbial community, probably due to the high weathering rates of the pyrite in local 

black shale as very acidic water was identified from the weathering profile. Similar to most 

of the acid mine studies, no δ-proteobacteria was detected (Pestch et al, 2005). 

 

 

4.5 Conclusion and implications 

 

 
Iron is the fourth most abundant elements in earth’s crust, the redox reaction of iron 

is critical to support some of the microbial activities in soil, sediments and aqueous 

environments.  Ferrous iron can be used as electron donor or source of energy under oxic or 
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anoxic conditions and ferric iron can function as an electron acceptor in anaerobic 

respiration. The oxidation and reduction of iron are important components of iron cycling 

in the biosphere which controls the mobilization of iron and accumulation of iron as 

secondary formations. It is now accepted that microbial metabolism primarily controls iron 

redox chemistry in most environments (Weber et al., 2006). 

 

Autotrophs such as sulfur and iron oxidizing microorganisms were hypothesized to 

exist in the biofilm of iron sulfide minerals because of the low organic carbon 

concentration in groundwater. Indeed, 16S rDNA from sulfide mineral biofilms had 

sequences that sharing high similarities to autotrophic bacteria such as Sulfuricurvum 

kujiense, Dechloromonas sp. HZ and Thiobacillus. Metal sulfide oxidation is the main 

energy-delivering process for these autotrophic microorganisms (Kock and Schippers, 

2008). Yet, with the formation of the biofilm and extracellular polymeric substances, 

organic matter may be trapped within the biofilm. Upon the secondary formation of iron 

(oxy) hydroxide by the autotrophs, it is likely that heterotrophic microorganisms may use 

the trapped organic matter as electron donors in dissimilatory Fe (III) reduction. Iron 

reducing microorganisms with sequences of 99% to 100% similarities to Geobacter sp. 

were detected in the biofilms of all three solids and their existence may be explained by 

this process. However, one thing to notice is that the iron casing of the well may be rusted 

over time and contribute to the existence of iron hydroxide in the well. 

 

The identification of diverse groups of bacteria from pyrite, arsenopyrite and quartz 

sand biofilms may well exemplify the structure of microbial communities that inhabit 
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subsurface environments containing iron sulfide minerals at slightly acidic pH. Several 

redox processes including iron sulfide oxidation, Fe (III) reduction may occur within 

various microenvironments or during different time periods given the appropriate 

environmental conditions such as pH and oxygenation. The influence of microbiological 

activities on iron and sulfur geochemistry has long been recognized for its importance at 

the very low pH environment. This study indicates that microbes may also play an essential 

role in the transformation of iron sulfides and their secondary formations in the underlying 

substrata at slightly acidic pH condition. Moreover, the microbial activities may also raise 

environmental concerns, for example, the iron reducers may help arsenic releasing from 

arsenic absorbing or bearing solid phases such as iron oxides to groundwater (Kelly et al., 

2005).  Further investigation of the ecology and biochemistry of microbial transformation 

of iron minerals under such conditions might help us to better understand the natural factors 

controlling this process. 
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Table 4.1. Groundwater chemistry of NAWC well 33BR 
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Figure 4.1. Geological map of New Jersey http://www.state.nj.us/dep/njgs/
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Figure 4.2. Air view of the Naval air warfare center. Red circle indicated the sampling 

and deploy well.  
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Figure 4.3. Apparatus of sample deployment to the Naval air warfare center well.  
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Figure 4.4. Experimental design of the investigation regarding microbial colonization 

on the pyritic black shale
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Figure 4.5. Comparison among DAPI Staining of black shale thick sections with square 

pyrite grains shown with red fluorescence.  

a) Sterilized black shale thick section without DAPI staining 

b) Sterilized black shale thick section with DAPI staining  
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Figure 4.6. DAPI staining of microorganisms colonized on black shale thick sections. 

Red areas are the pyrite and the shale matrix is dark.  

Above, small pyrite grains attract microbial colonization relative to shale matrix. Below 

left, pyrite mineral surface shown with red autofluorescence.Below right, pyrite mineral 

surface with red fluorescence filtered out.  
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Figure 4.7. Scanning electron microscopy observation of biofilm–cells were embedded 

within EPS and more associated with pyrite than shale matrix.  

a)  Preference of microbes colonized on pyrite mineral to shale matrix  

b) Cells embedded with EPS, as indicated by red circle  

c) Bacteria shaped pit  

d) Embedded cells and adjacent secondary mineral cluster  
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Figure 4. 8. SEM image of the exopolymers from G. ferruginea on the black shale thick 

section incubated in groundwater  
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Figure 4.9. DGGE (30% to 80%, 55V, 16h) profile of PCR amplified 16S rDNA gene 

products. The letters represented different bands showed in the figure.   
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Table 4.3 The phylogenetic position of each band excised from DGGE  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bands  Phylogenetic 
position  

Arsenopyrite  
A34  ε-proteobacteria  

A31, A48  β-proteobacteria  
A33, A35, A38  δ-proteobacteria  

Pyrite  P54  β-proteobacteria  
P51,P52,P53,P55,P57,P65  δ-proteobacteria  

Quartz sand  S11,S21,S13,S15,S17,S25  δ-proteobacteria  
S12,S22  Gram + eubacteria  
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Table  4.2. Bacteria detected from biofilms attached to pyrite, arsenopyrite minerals and 

quartz sand in the subsurface well.  

Mineral Similarity 
(%) 

Nearest 
Relative (a) 

Phylogenetic 
position 

Physiology of 
Nearest Relative 

Arsenopyrite 

100% Sulfuricurvum kujiense 
(b) 

Epsilon 
proteobacteria 

Sulfide oxidizing, 
Autotroph 

93% Dechloromonas sp. 
HZ 

Beta 
proteobacteria 

Hydrogen oxidizing 
Chemolithoautrophic 

97% Thiobacillus Beta 
proteobacteria 

Sulfur, iron oxidizing 
Autotroph 

96% Uncultured 
Ferribacterium sp. 

Beta 
proteobacteria 

Fe(III) reduction 
Heterotroph 

100% Geobacter sp. Delta 
proteobacteria 

NO3
-, Mn(IV), Fe(III)  reduction 

Heterotroph 

Pyrite 

93% Dechloromonas sp. 
HZ (c) 

Beta 
proteobacteria 

Hydrogen oxidizing 
Chemolithoautroph 

97% Thiobacillus Beta 
proteobacteria 

Sulfur, iron oxidizing 
Autotroph 

100% Geobacter sp. Delta 
proteobacteria 

NO3
-, Mn(IV), Fe(III)  reduction 

Heterotroph 

Sand 
92% Clostridium Gram+ 

Eubacteria 
Anaerobic, 

Fermentative 

99% Geobacter sp. Delta 
proteobacteria 

NO3
-, Mn(IV), Fe(III)  reduction 

Heterotroph 
 

(a) Based on phylogenetic relationship shown in Fig 4.9 and on BlastN analyzed using 

GenBank database   

(b) From (Kodama and Watanabe, 2003) 

(c) From (Zhang et al., 2002) 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

5.1 Summary 

The investigation of pyrite depositional environment in the Newark Basin 

Lockatong formation began with the quantification of reduced inorganic sulfur species in 

the black shale. Both pyrite and acid volatile sulfur were quantified and pyrite was 

determined to be the most abundant species in total sulfur (more than 50%). A strong 

positive correlation was observed between total sulfur and pyritic sulfur while an inverse 

relationship was identified between pyritic sulfur and acid volatile sulfur at different 

depths. Inverse relationships were revealed between Th/U, which was proportional to 

redox potential, and pyritic S and positive correlations were found between Th/U and 

acid volatile S from their depth profiles. These results show that the oxygenation 

condition was one of the controlling factors for the deposition of different sulfur species 

in the Newark Basin sedimentary environments. 

 

The trace metal enrichment factors were analyzed and arsenic and molybdenum 

were two highly enriched elements observed in the black shale. Further analysis showed 

that the arsenic content was closely linked to pyrite and molybdenum was associated with 

organic matter. This observation shed light on the original residences of these trace 

metals and in turn may help to evaluate their mobilization patterns to the aqueous phase. 

It was observed that the abundance of arsenic was positively correlated to molybdenum 

in the Lockatong formation black shale. Positive correlation between the two was also 
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showed in the groundwater of a Passaic formation well, which composed mostly by red 

shale that has much lower abundance of arsenic and molybdenum compare to black shale. 

However, no correlations were found between the two trace elements from our red shale 

elemental analysis. Combine this with the previous observation, it implicates that the 

black shale may be the ultimate source of arsenic and molybdenum and the weathering of 

black shale may lead to their mobilization from solid phases. 

 

Although the pyritic black shale appears to be the ultimate source of arsenic to the 

groundwater in sedimentary rock aquifers, the mechanism of arsenic mobilization is 

unclear.  Arsenic mobilization from solid phases could occur via abiotic and/or biotic 

pathways. In chapter 3, our results indicated that a sulfide-arsenide exchange and 

oxidation reaction may drive arsenic mobilization from sedimentary rock pyrites.  The 

redox stoichiometry of sulfide-arsenide exchange indicates that if sulfide is present, 

arsenic may be mobilized from arsenopyrite and arsenic-rich pyrite only when an oxidant 

is available. In natural groundwater, Fe (III), Mn (IV) or nitrate could serve as oxidants in 

sulfide-driven arsenic mobilization in the absence of oxygen.  Arsenic mobility in 

fractured rock aquifers containing pyritic black shale will therefore be determined in part 

by the concentrations of sulfide and available oxidant.  Such conditions of redox 

disequilibrium occur in confined aquifers where oxygenation rates are slow and hypoxic 

and anoxic groundwaters mix.  

 

The sulfide in groundwater that may mobilize arsenic from pyritic black shale 

may be of biological origin. Sulfide can be generated at the boundary of oxidizing and 
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reducing environments that support sulfate reducing bacteria (SRB). Therefore, the 

arsenic-sulfide exchange mechanism is likely an indirect biological pathway. Yet, direct 

biological pathways of weathering pyrite and releasing the incorporated arsenic may also 

be one of the important mechanisms for arsenic mobilization.  

 

It is now accepted that microbial metabolism primarily controls iron redox 

chemistry in most environments (Weber et al., 2006). Microbial activities can catalyze 

iron sulfide mineral oxidation and the redox reactions of iron and sulfur are in turn 

critical to the growth and metabolism of many autotrophic and heterotrophic microbes. 

We examined the biofilm that formed on pyrite containing black shale thick sections 

hincubated in subsurface groundwater in the Newark Basin. Close association between 

microorganisms and the pyrite mineral was observed by DAPI staining and SEM. Further, 

the biofilm formed on the pyrite and arsenopyrite minerals were extracted and the 16S 

rDNA of the microbial consortia were obtained and sequenced. High similarities of some 

of the sequences to the autotrophic bacteria in the proteobacteria phylum such as 

Sulfuricurvum kujiense, Dechloromonas sp. HZ and Thiobacillus were observed. 

Moreover, iron reducers with sequences of 99% to 100% similarities to Geobacter sp. 

were detected in the biofilm on the iron sulfide minerals. They may utilize the trapped 

organic matter as electron donors in dissimilatory Fe (III) reduction, where the Fe (III) 

may be generated from iron sulfide oxidation. The identification of diverse groups of 

bacteria from the iron sulfide mineral biofilms may well exemplify the structure of 

microbial communities that inhabit subsurface environments with slightly aciditic pH 

where such microbes may be important drivers of iron and sulfur cycling.   
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Fig 5.1 illustrates the important subsurface redox reactions described in chapter 3 

H(the sulfide-arsenide exchange reaction) and chapter 4 (microbial catalyzed iron redox 

processes). Given the appropriate environmental conditions such as pH and oxygenation, 

these redox reactions may take place within various microenvironments or during 

different time periods and become very important components in the local geochemistry 

of iron, sulfur or trace elements such as arsenic. 

 

5.2 Conclusions 

Several conclusions can be drawn from this study. In the first research chapter, we 

observed that the oxygenation condition is one of the controlling factors for different 

sulfur species deposition in the sedimentary environment and also identified the 

residences for enriched arsenic and molybdenum in the black shale (pyrite and organic 

matter, respectively). These results suggest that As and Mo may be useful proxies for 

pyritic S and organic carbon deposition. In the second research chapter, arsenic was 

found to be mobilized by the presence of dissolved sulfide and low levels of oxygen from 

arsenic containing solid phases such as arsenopyrite and arsenian pyrite. This process will 

be most important in the anoxic-oxic groundwater interface and the release of arsenic 

may be of local environmental concern. The third research chapter investigated the 

microbial consortia colonized on the surface of pyritic minerals. Both autotrophic and 

heterotrophic bacteria were identified from the biofilm and they may play an important 

role in the iron and sulfur cycles in the subsurface aqueous and solid phases.  
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5.3 Suggested future researches  

Natural environments are highly variable and the control of the biogeochemistry 

of Fe, S and trace elements may occur via many different means. More research is needed 

of subsurface water and rock interactions as well as the impact of microbial activities on 

the subsurface environment. The following questions/issues should be addressed in future 

research: 

1. Studies of the weathering of black shale with oxidants as to leach arsenic and 

molybdenum from the solid which may help to answer the question of whether 

the oxidation of pyrite and organic carbon take place simultaneously or in a 

certain sequence. It may further confirm or dispute if black shale is the source for 

arsenic and molybdenum recognized in the Newark Basin wells.   

2. The spacial distribution and quantification of trace elements on the pyritic black 

shale thick sections may be further investigated and mapped. High resolution 

instruments can be applied for this application (WDS- wavelength dispersive 

spectroscopy). This may provide us with the information of specific trace 

elemental residences in the black shale.   

3. The weathering of pyrite is of particular interest for its global importance. The 

consumption of oxygen by pyrite weathering may compete with organic matter in 

sedimentary shales upon exposure to the atmosphere (Petsch, 2003). The effort of 

quantifying pyrite weathering globally is important to our understanding of the 

global oxygen budget.  
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4. Investigation of the physiological and ecological role of each species of 

microorganism that colonize black shale pyrite and form the resulting biofilm  to 

determine their own functionalities in iron and sulfur geochemistry  of the 

subsurface environment.  
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Figure 5.1. The subsurface iron and arsenic geochemistry, illustrated for the redox 

reactions described in this dissertation.  
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APPENDIX I 
 

  Shallow Deeper          
 Core Depth Depth  Ag Al As Ba Be Bi Ca Cd 

SAMPLE 
ID Box (ft) (ft) Color ppm % ppm ppm ppm ppm % ppm 

NBL1 299 2999.4 2999.8 Black 0.11 7.04 20.6 390 1.82 0.46 4.97 0.16 
NBL2 299 2994.0 2994.4 red 0.02 9.82 4.5 400 3.82 0.6 0.5 0.02 
NBL3 299 3001.7 3002.1 Black 0.11 7.94 34.4 320 2.34 0.47 4.28 0.07 
NBL4 298 2993.7 2994.0 red 0.04 10.05 5.9 450 4.38 0.97 0.22 <0.02 
NBL5 298 2985.0 2985.5 red 0.02 7.73 2.4 310 2.46 0.44 2.27 0.05 
NBL6 137 1538.6 1539.0 Black 0.05 8.54 23.0 400 2.46 0.26 3.51 0.09 
NBL7 137 1539.8 1540.2 Black 0.04 8.46 9.9 320 2.81 0.42 3.8 <0.02 
NBL8 141 1573.2 1573.6 red <0.01 9.2 0.7 610 2.74 0.55 1.98 0.03 
NBL9 142 1588.7 1589.0 red <0.01 8.97 0.6 480 3.91 0.29 0.94 0.02 

NBL10 140 1568.2 1568.7 
grey-
black 0.04 8.22 0.1 620 2.38 0.27 6.38 0.02 

NBL11 140 1571.0 1571.4 
grey-
black 0.03 10.15 7.0 560 4.24 0.65 1.06 <0.02 

NBL12 142 1583.2 1583.5 red 0.02 9.04 0.1 540 3.36 0.47 1.41 <0.02 
NBL13 141 1580.6 1581.0 red 0.03 9.86 1.2 590 3.62 0.66 1.12 <0.02 
NBL14 24 527.6 528.0 grey <0.01 9.21 8.6 410 3.44 0.26 1.36 0.04 
NBL15 24 521.6 522.0 red <0.01 8.9 0.6 550 2.93 0.34 1.98 <0.02 

NBL16 28 560.5 560.9 
grey-
black 0.04 8.37 7.7 310 2.59 0.39 3.17 <0.02 

NBL17 25 530.6 531.0 
grey-
black 0.06 9.09 5.5 460 2.97 0.16 1.56 0.03 

NBL18 24 524.6 525.0 red <0.01 9.35 0.9 530 3.64 0.33 1.4 0.02 
NBL19 28 563.5 564.0 grey <0.01 9.4 25.7 980 1.58 0.36 1.12 0.06 
NBL20 25 534.0 534.4 Black 0.05 8.34 16.5 480 1.19 0.4 5.14 0.02 
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 Core Ce Co Cr Cs Cu Fe Ga Ge Hf Hg In 
SAMPLE 

ID Box ppm ppm ppm ppm ppm % ppm ppm ppm ppm ppm 
NBL1 299 121.5 11.6 47 2.16 6 3.29 19.1 0.21 2.7 0.01 0.08 
NBL2 299 77.2 17.2 68 6.41 28.6 5.46 26.8 0.2 3 0.01 0.102 
NBL3 299 65.3 17.9 63 4.87 51.2 4.91 22.9 0.17 2.2 <0.01 0.081 
NBL4 298 76.9 25.4 69 7.42 69.6 5.39 25.5 0.18 2.9 <0.01 0.101 
NBL5 298 97.1 10.5 53 3.34 61.5 4.04 20.7 0.19 2.8 <0.01 0.124 
NBL6 137 59.5 18.6 62 5.53 41.6 4.79 22.5 0.13 2.4 0.01 0.084 
NBL7 137 61.5 16.8 63 6.15 44 4.74 22.1 0.12 2.6 <0.01 0.073 
NBL8 141 58.6 18.2 69 12.45 12.4 5.78 26.7 0.15 2 <0.01 0.083 
NBL9 142 48.4 24.2 82 12.85 20.3 5.79 30.7 0.12 2.5 <0.01 0.104 
NBL10 140 77.3 15.4 55 4.8 45.8 4.28 20.5 0.14 2.3 <0.01 0.06 
NBL11 140 41.9 26.6 81 13.65 93.6 6.54 27.5 0.12 2.4 0.01 0.104 
NBL12 142 48.6 18.8 71 11.55 16.9 5.53 27.1 0.13 1.9 0.01 0.115 
NBL13 141 45.6 19.8 79 13.95 183 5.95 30.1 0.12 2.5 0.01 0.085 
NBL14 24 50.6 20.9 63 16.75 41.1 5.31 25.4 0.11 2.6 <0.01 0.089 
NBL15 24 43.2 19.6 71 24.9 31.8 5.65 26 0.13 2.2 <0.01 0.083 
NBL16 28 61.6 17.6 62 9.01 44.6 5 23.1 0.11 2.6 <0.01 0.073 
NBL17 25 74.5 17 101 9.28 56.8 5.19 27.6 0.13 2.2 0.01 0.096 
NBL18 24 46.8 20.5 80 26.6 33.2 5.58 27.1 0.11 2.3 <0.01 0.082 
NBL19 28 91.7 21.6 66 3.08 45.7 4.07 30.3 0.12 3.7 <0.01 0.095 
NBL20 25 71.3 15 60 5.91 45.8 4.41 20.4 0.11 2.1 <0.01 0.075 
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 Core K La Li Mg Mn Mo Na Nb Ni P Pb Rb 
SAMPLE 

ID Box % ppm ppm % ppm ppm % ppm ppm ppm ppm ppm 
NBL1 299 1.96 49.7 20.3 1.75 947 1.11 3.72 14.3 21 1290 17 77.5 
NBL2 299 4.07 39.3 82.7 0.66 231 0.19 4.02 17.2 40.5 340 22.9 199.5 
NBL3 299 3.88 33.8 75.4 2.51 782 2.23 3 14.9 36 370 16.6 165.5 
NBL4 298 5.16 38.7 119.5 0.63 115 0.2 3.36 17.4 50.9 330 28 251 
NBL5 298 2.26 47.2 28.7 1.19 1220 0.15 4.13 15.4 31.7 350 22.3 97.8 
NBL6 137 4.66 30.1 69.7 3.01 786 1.49 2.74 13.3 41.7 500 17.2 163 
NBL7 137 4.42 29.4 99.6 3.49 850 145 3.1 13.6 37.2 490 19.5 163.5 
NBL8 141 3.02 30.1 79.7 1.95 980 1.31 4.54 18.8 39.8 610 24.7 125 
NBL9 142 3.02 15.4 192.5 1.87 300 1.02 4.25 17.4 57.1 1070 12.9 148.5 
NBL10 140 2.01 35.8 34.3 3.12 1110 0.1 4.35 13.3 28.4 560 15.8 89.7 
NBL11 140 2.93 22.5 91.1 1.67 406 0.25 4.57 18.8 50.1 580 22.1 166.5 
NBL12 142 2.86 28.5 156 1.86 754 0.24 4.34 15.8 42.9 590 22.6 147 
NBL13 141 3.03 26.2 123.5 1.69 699 0.2 4.88 18.2 46.6 670 24 166.5 
NBL14 24 2.5 27 65.7 2.01 795 0.1 4.51 15.6 51.3 510 14.6 173 
NBL15 24 3.05 22.7 144 2.18 1035 0.18 4.14 14.8 42.3 490 14.9 166.5 
NBL16 28 3.96 29.9 81.1 3.12 743 22.4 3.05 13.1 39.9 360 21.1 185 
NBL17 25 3.32 27.4 93.9 2.17 612 0.41 4 13.5 46.7 480 20.6 168.5 
NBL18 24 3.05 21.2 139 2.07 816 0.44 4.43 16.7 48 420 14.9 163.5 
NBL19 28 1.71 43.1 45.8 1.34 390 1.17 5.18 17 41.6 880 17.6 60 
NBL20 25 3.16 33.7 45.5 3.06 1040 3.89 3.38 12.1 33.4 450 20.8 79.9 
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 Core Re S Sb Se Sn Sr Ta Te Th Ti Tl U 
SAMPLE 

ID Box ppm % ppm ppm ppm ppm ppm ppm ppm % ppm ppm 
NBL1 299 <0.002 0.06 0.34 2 2.9 321 1.03 <0.05 33.8 0.352 0.35 7 
NBL2 299 <0.002 0.06 1.44 1 4.3 86.5 1.32 0.05 10.7 0.453 0.79 1.9 
NBL3 299 0.005 0.07 0.55 1 3.2 353 1.05 <0.05 10.7 0.363 0.71 7.6 
NBL4 298 <0.002 0.13 1.77 1 4.4 71.2 1.34 0.08 10.6 0.484 0.99 1.8 
NBL5 298 <0.002 0.02 1.17 1 3.5 195.5 1.09 <0.05 10.7 0.404 0.43 1.4 
NBL6 137 0.002 0.63 1.52 2 3.1 347 0.98 0.06 9.3 0.383 0.79 4.3 
NBL7 137 0.003 0.27 1.76 2 2.6 374 1 0.09 7.1 0.394 0.87 6.6 
NBL8 141 <0.002 0.01 0.68 2 4.1 270 1.4 <0.05 9 0.444 0.76 1.6 
NBL9 142 <0.002 0.02 1.01 1 4.5 149 1.15 <0.05 5.2 0.446 0.81 1 
NBL10 140 <0.002 0.01 0.12 2 2.7 687 0.96 0.05 10 0.393 0.37 1.3 
NBL11 140 <0.002 0.23 3.02 1 4.6 157 1.33 <0.05 6.5 0.502 1.28 1.7 
NBL12 142 <0.002 0.01 0.92 1 3.9 227 1.22 <0.05 12.4 0.422 0.72 1.1 
NBL13 141 <0.002 0.03 1.02 1 3.9 211 1.27 0.05 9.7 0.494 0.8 1.4 
NBL14 24 <0.002 0.08 0.69 1 3.2 186 1.05 0.06 9.5 0.454 0.96 1 
NBL15 24 <0.002 0.01 0.97 1 3.4 253 1.03 <0.05 10.2 0.426 1.05 1.1 
NBL16 28 0.003 1.05 0.78 2 2.8 358 0.94 0.05 5.7 0.366 0.97 4.4 
NBL17 25 <0.002 0.02 0.29 2 3.4 189 1.1 <0.05 7.5 0.383 0.85 1.1 
NBL18 24 <0.002 0.03 0.75 2 3.7 196 1.15 <0.05 6.7 0.463 1.07 1 
NBL19 28 <0.002 0.59 0.72 2 3 190.5 1.2 0.05 11 0.48 0.29 4.6 
NBL20 25 0.01 0.52 0.55 2 2.8 490 0.94 <0.05 10.6 0.336 0.37 6.8 
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 Core V W Y Zn Zr SiO2 Al2O3 Fe2O3 CaO MgO Na2O 
SAMPLE 

ID Box ppm ppm ppm ppm ppm % % % % % % 
NBL1 299 127 1.9 51.1 171 75.9 49.6 13.75 5.22 7.27 3.25 5.37 
NBL2 299 128 3.4 13.1 33 89.1 56.1 18.65 8.27 0.7 1.22 5.71 
NBL3 299 133 1.8 19.2 89 69 44.2 14.75 7.48 5.86 4.49 4.16 
NBL4 298 127 3.7 12.5 36 90.7 56.7 18.8 8.02 0.3 1.14 4.76 
NBL5 298 91 2.7 25.2 35 86.5 56.6 15.95 6.55 3.33 2.26 6.05 
NBL6 137 136 1.3 19.7 107 82.6 46.6 15.35 7.47 4.76 5.26 3.8 
NBL7 137 152 1.1 18.1 102 87.5 45.8 14.55 7.09 5.08 5.93 4.15 
NBL8 141 96 2.4 15 85 62.8 47.3 18.4 9.1 2.79 3.61 6.32 
NBL9 142 99 2.4 12.9 145 86 49 19.05 9.37 1.42 3.58 6.26 
NBL10 140 172 1.1 26.2 67 110 41.8 14.45 6.67 8.95 5.4 5.86 
NBL11 140 121 2.3 13 139 69.4 47.2 19.65 10.15 1.51 3.04 6.42 
NBL12 142 86 2.9 15.5 118 59.6 48.4 18.55 8.64 2.14 3.53 6.5 
NBL13 141 100 3.1 15.8 160 80.5 48.5 19 9.1 1.57 3.05 6.73 
NBL14 24 201 1.4 14.8 116 108.5 50.5 18.35 8.64 1.99 3.77 6.68 
NBL15 24 112 2.3 19.2 112 69.8 46.6 18.4 8.93 2.81 4.06 5.94 
NBL16 28 150 1.4 17.3 98 81.9 48.1 15.45 8.1 4.41 5.6 4.4 
NBL17 25 150 1.8 16.8 132 78.5 52 17.65 8.05 2.19 3.88 5.62 
NBL18 24 132 2 14 110 78.5 47.4 18.75 8.9 2.04 3.85 6.33 
NBL19 28 142 2.2 29.2 102 133.5 56.4 18.2 6.54 1.66 2.39 7.41 
NBL20 25 102 1.5 26.7 93 75.1 43.4 14.8 6.73 6.92 5.33 4.58 
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 Core K2O Cr2O3 TiO2 MnO P2O5 SrO BaO LOI Total B C 
SAMPLE 

ID Box % % % % % % % % % ppm % 
NBL1 299 2.41 0.01 0.69 0.15 0.28 0.04 0.05 11.6 99.7 <20 3.07 
NBL2 299 4.85 0.01 0.89 0.03 0.07 0.01 0.05 2.39 99 30 0.26 
NBL3 299 4.46 0.01 0.64 0.11 0.11 0.04 0.04 13.3 99.7 <20 4.02 
NBL4 298 6.12 0.01 0.91 0.02 0.08 0.01 0.05 1.96 98.9 40 0.09 
NBL5 298 2.76 0.01 0.86 0.18 0.11 0.02 0.04 5.74 100.5 40 1.42 
NBL6 137 5.28 0.01 0.67 0.11 0.1 0.04 0.05 9.13 98.6 <20 2.64 
NBL7 137 4.83 0.01 0.66 0.12 0.13 0.04 0.04 9.83 98.3 30 3.12 
NBL8 141 3.52 0.01 0.79 0.14 0.13 0.03 0.07 8.24 100.5 120 1.12 
NBL9 142 3.75 0.01 0.85 0.04 0.14 0.02 0.06 6.71 100.5 120 0.35 
NBL10 140 2.29 0.01 0.71 0.16 0.12 0.08 0.07 13.2 99.8 40 3.22 
NBL11 140 3.45 0.01 0.9 0.06 0.13 0.02 0.07 7.22 99.8 90 0.39 
NBL12 142 3.77 0.01 0.81 0.11 0.12 0.03 0.07 7.41 100 120 0.84 
NBL13 141 3.52 0.01 0.9 0.09 0.11 0.02 0.07 6.68 99.4 130 0.62 
NBL14 24 3.09 0.01 0.87 0.11 0.07 0.02 0.05 5.98 100 30 0.76 
NBL15 24 3.7 0.01 0.78 0.14 0.11 0.03 0.07 8.63 100 190 1.16 
NBL16 28 4.69 0.01 0.65 0.1 0.03 0.04 0.04 9.04 100.5 30 2.72 
NBL17 25 3.86 0.02 0.68 0.08 0.08 0.02 0.05 5.58 99.8 30 1.01 
NBL18 24 3.62 0.01 0.84 0.11 0.09 0.02 0.07 8.4 100.5 120 0.88 
NBL19 28 2.05 0.01 0.9 0.05 0.19 0.02 0.12 2.92 98.9 <20 0.4 
NBL20 25 3.56 0.01 0.59 0.14 0.07 0.06 0.06 12.55 98.8 <20 3.78 
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 Core 
C 

organic Ce Dy Er Eu Gd Ho La Lu Nd Pr 
SAMPLE 

ID Box % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
NBL1 299 0.2 141 11.7 6.2 2.3 11.8 2.5 56.9 0.7 57 15.4 
NBL2 299 0.11 79.8 4 2.3 1.4 6.4 0.9 38.8 0.4 35.8 9.9 
NBL3 299 0.75 69.2 3.7 2.3 1.2 5.3 0.9 34.2 0.3 30.1 8.3 
NBL4 298 0.01 77.1 4 2.2 1.4 6.2 0.8 38.3 0.3 35.9 9.8 
NBL5 298 0.03 116.5 8.5 4.5 2.4 11 1.7 58.5 0.6 53 14.4 
NBL6 137 0.63 56.9 3.6 2.1 1.2 4.8 0.8 27.8 0.4 26 7 
NBL7 137 0.9 56.9 3.3 2 1.1 4.4 0.7 28.1 0.3 24.1 6.7 
NBL8 141 0.01 74.5 3.7 1.6 1.4 6.4 0.7 42.5 0.3 37.5 10.2 
NBL9 142 0.01 70.1 3 1.8 1 4.3 0.6 25.6 0.4 24.6 6.5 
NBL10 140 0.16 76.3 5.4 2.7 1.7 7.7 1 35 0.4 40.3 10.2 
NBL11 140 0.01 50.5 2.8 1.5 1 4.4 0.6 30.1 0.3 25.4 7 
NBL12 142 0.06 51.6 4.2 1.8 1.3 6.6 0.7 32.3 0.2 32.9 8.5 
NBL13 141 0.12 49.1 3.3 1.6 1.2 4.5 0.6 30.3 0.3 26.5 7.3 
NBL14 24 0.03 60.3 3.4 1.8 1.2 5.2 0.7 34.7 0.4 30.1 8.2 
NBL15 24 0.01 52.4 4.2 2.2 1.4 5.5 0.8 29.7 0.3 30.7 8.1 
NBL16 28 0.77 61 3.2 1.8 1 4.4 0.7 30.1 0.3 26.1 7.2 
NBL17 25 0.14 77.9 3.3 1.8 1 4.9 0.7 30.9 0.3 28.7 7.8 
NBL18 24 0.02 63.9 3.2 1.9 1.1 4.6 0.7 31.3 0.4 27.3 7.5 
NBL19 28 0.09 91.4 6 2.8 2 8.3 1.1 43.5 0.5 44.2 11.5 
NBL20 25 0.77 70.3 5.4 2.9 1.5 6.6 1.1 33.4 0.4 32.3 8.6 
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 Core Sm Tb Th Tm U Y Yb 

SAMPLE 
ID Box ppm ppm ppm ppm ppm ppm ppm 

NBL1 299 12.2 2 35 0.8 7.7 57.6 4.4 
NBL2 299 6.9 0.8 10 0.3 1.9 19.6 2.2 
NBL3 299 5.6 0.7 10 0.4 7.3 18.8 2.2 
NBL4 298 6.9 0.9 10 0.3 1.9 18.4 2.2 
NBL5 298 10.8 1.6 12 0.7 1.8 39.8 3.8 
NBL6 137 4.8 0.7 9 0.3 5.4 18 2 
NBL7 137 4.9 0.6 7 0.3 7.1 15.8 2 
NBL8 141 7.1 0.9 11 0.2 2.1 15.6 1.6 
NBL9 142 4.8 0.6 7 0.3 1.4 15.4 1.8 
NBL10 140 8.6 1.1 10 0.4 1.5 24.2 2.5 
NBL11 140 4.8 0.6 8 0.2 2.1 13.4 1.6 
NBL12 142 6.4 0.9 12 0.2 1.1 16.8 1.5 
NBL13 141 5.1 0.7 9 0.2 1.7 15 1.7 
NBL14 24 5.6 0.7 10 0.3 1.3 15.7 1.9 
NBL15 24 6.4 0.8 12 0.3 1.4 19.7 2.1 
NBL16 28 4.9 0.6 5 0.3 5 15.8 1.7 
NBL17 25 5.4 0.7 9 0.3 1.3 16.5 1.9 
NBL18 24 4.8 0.6 9 0.3 1.4 15.1 1.8 
NBL19 28 9.2 1.2 11 0.4 5.2 26.6 2.6 
NBL20 25 6.7 1 10 0.4 7.4 24.8 2.4 
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 Core Pyritic S AVS 
SAMPLE 

ID Box ppm ppm 
NBL1 299 227 44.1 
NBL2 299 11.4 36 
NBL3 299 346 56.2 
NBL4 298   
NBL5 298   
NBL6 137 3584 45.9 
NBL7 137 1498 293.2 
NBL8 141 3.8 5 
NBL9 142   
NBL10 140 17 33.6 
NBL11 140 1562 6.6 
NBL12 142   
NBL13 141   
NBL14 24 411 51.9 
NBL15 24   
NBL16 28 6290 11.4 
NBL17 25 73 31.7 
NBL18 24   
NBL19 28 4089 16.1 
NBL20 25 4332 13.6 
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APPENDIX II 

Free energies of formation (ΔG°298 ) of various solids and aqueous species used in 

thermodynamic calculations.  In situ free energies of reaction were calculated assuming pH = 8,  

[HS-] = 10-5 M, [O2] = 10-3.9 M, [NO3
-] = 10-4 M, [Fe2+] = [Mn2+] = [NO2

-] = [As(OH)3] = 10-6 M. 

                  

Compound 

ΔG°298 

(kJ/mol) 

Sou

rce 

FeAs

S(s) 
arsenopyrite -136.45 [1] 

As(O

H)3(aq) 
arsenite -639.8 [2] 

FeS2 pyrite -160.2 [3] 

FeS mackinawite -93.3 [4] 

MnO2 birnessite -453.1 [4] 

Mn2+ aqueous -228 [4] 

Fe2+ aqueous -85.56 [5] 

O2 aqueous +16.64 [5] 

H2O  -237.2 [5] 

HS- bisulfide 12 [6] 

NO3
- nitrate -111.3 [7] 

NO2
- nitrite -37.2 [7] 
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APPENDIX III 

 

 
BT medium composition                               

  

    

 

10X BT SALTS CON. (g/L) 
 

 

Na2HPO4*7H2O 79 
 

 

KH2PO4 15 
 

 

NH4Cl 3 
 

 

PS-1   
 

 

MgSO4*7H2O 20 
 

 

VS Minerals   
 

 

EDTA(acid form) 50 
 

 

ZnSO4*7H2O 22 
 

 

CaCl2*7H2O 7.4 
 

 

MnCl2*4H2O 8 
 

 

FeSO4*7H2O 5 
 

 

(NH4)2Mo7O24*4H2O 1.1 
 

 

CuSO4*5H2O 1.6 
 

 

CoCl2*6H2O 1.6 
 

 

S8 Vitamins   
 

 

Biotin 0.002 
 

 

Folic Acid 0.002 
 

 

Pyridoxine HCl 0.01 
 

 

Riboflavin 0.005 
 

 

Nicotinic acid 0.005 
 

 

Pantothenic acid 0.005 
 

 

Vitamin B12 0.0001 
 

 

P-amino benzoic acid 0.005 
 

 

Thiocetic acid 0.005 
 

 

    
 

 

To make a 1 Liter BT medium mix   
 

 

100 mL 10xBT salts   
 

 

5mL PS-1   
 

 

5mL Minerals   
 

 

1mL vitamins    
 

 

900mL sterile H2O   
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