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ABSTRACT 

REACTIVE IRON MINERAL COATINGS IN REDOX TRANSITION ZONES OF 
A SITE WITH HISTORICAL CONTAMINATION: ABIOTIC ATTENUATION 

 
by 

Xin Yin 

Reactive iron mineral coatings are found throughout reduction-oxidation (redox) transition 

zones and play a significant role in contaminant transformation processes. In this study, an 

18.3-meter core is collected, subsampled, and preserved under anoxic conditions to 

maintain its original redox state. Screening analyses are conducted at sampling increments 

of 5.08 cm in depth for the following: elemental concentrations with X-ray fluorescence 

(XRF), sediment pH, sediment oxidation-reduction potential (ORP), total volatile organic 

carbon (TVOC) in the sample headspace, and abundant bacteria (16S rRNA sequencing). 

Using the Fe and S gradients correlated with microbial data, five RTZs are delineated. To 

characterize iron mineral speciation, a six-step sequential extraction is applied in four out 

of the five RTZs. Based on extraction results, amorphous Fe sulfide minerals, mackinawite 

and greigite, increase with depth in the Upper Zone, the shallowest RTZ. Because of the 

abundance of these amorphous minerals and given the extent of contamination at the site, 

the absence of volatile organic compounds in the sediment headspace suggests (a)biotic 

attenuation may be significant. In Zone 1, crystalline Fe sulfide mineral nano-coatings are 

abundant in the presence of sulfate-reducing bacteria Desulfosporosinus. In Zone 2, the 

Fe(II/III) mineral magnetite is dominant, suggesting a biogenic pathway as the iron-

reducing bacteria, Geobacter, is abundant. Fe mineral coatings in Zone 3 reveal significant 

variability between each subsample, indicating active Fe cycling with biotic processes 



based on the abundance of Desulfosporosinus bacteria in the clay lenses. Reactive iron 

mineral coatings in RTZs supports evidence of (a)biotic processes in natural attenuation.  

To understand the contribution of these Fe reactive coatings to attenuation of 

chlorinated solvents, a bench study is designed for reductive 1,4-dichlorobenzene (1,4-

DCB), tetrachloroethylene (PCE), and trichloroethylene (TCE) degradation. Control 

groups included pure pyrite and siderite minerals. For 1,4-DCB treatment, although 

dechlorination is not observed over the time period of the study in the control groups, 

reaction kinetics with RTZ sediments followed second order rate expressions. 

Chlorobenzene and benzene are detected as byproducts, suggesting hydrogenolysis 

reduction. The second-order rate constants for the Fe(II) mineral nano-coatings in 1,4-DCB 

degradation are 1.73×10-3 L g-1 h-1 for pyrite (FeS2), 1.24×10-3 L g-1 h-1for mackinawite 

(FeS), 1.89×10-4 L g-1 h-1 for siderite (FeCO3), and 1.79×10-4 L g-1 h-1 for magnetite (Fe3O4). 

The high reactivity of these nano-Fe mineral coatings is due to their large surface areas. 

PCE and TCE reduction are observed in the control and sediment groups, also following 

second-order rate expressions. Rate constants are of the same order of magnitude for the 

mineral coating contributions ranging from (2.45 ± 0.41) × 10-3 to (4.00 ± 0.74) × 10-3 h-1.  

Given the rate constants found, 90% degradation of these COCs occurs over 24 to 39 days 

demonstrating the importance of these abiotic processes. For these three chlorinated 

solvents, the trend for abiotic processes with Fe(II) mineral nano-coatings follows: Fe(II) 

sulfide minerals > magnetite > siderite. As a result, reactive Fe mineral nano-coatings are 

expected to play an important role in the attenuation of chlorinated solvents in 

contaminated subsurface environments. 
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CHAPTER 1 

INTRODUCTION 

 

The purpose of this research is to understand the contribution of reactive iron (Fe) mineral 

coatings in subsurface systems that have historical contamination. To pursue this goal, it is 

important to 1) identify the redox transition zones (RTZs) in a contaminated system where 

reactive Fe mineral coatings are present, 2) characterize and quantify the Fe mineral 

coatings in RTZ sediment samples, and 3) conduct studies on degradation kinetics for 

chlorinated solvents found at sites with reactive Fe mineral coatings.  

Redox transition zones (RTZs) are characterized by gradients in the oxidation / 

reduction potential (ORP) where reduced and oxidized iron minerals, also known as 

reactive iron minerals, are found. In these subsurface systems, microorganisms derive 

energy through the reduced iron and sulfur oxidation processes (Geelhoed et al., 2009; 

Roden, 2012). Additionally, abundant biogeochemical processes impact carbon and 

nitrogen sources as well as the attenuation of contaminants. Reactive iron mineral coatings 

in redox transition zones act as electron donors that affect contaminant mobility, 

transformation, and attenuation. For example, in a study at the Hanford site, the ferruginous 

clay mineral smectite in a sediment sample was found to partially reduce Cr(VI) to 

sparingly soluble Cr(III) (Qafoku et al., 2017). At the same site, siderite (FeCO3) was found 

to be responsible for Tc(VII) reduction (Peretyazhko et al., 2012). At the Rifle Site 

(Colorado, USA), mackinawite (FeS) was observed to serve as an electron donor for 

reducing dissolved U(VI) to U(VI) (e.g., UO2) through both abiotic and biotic pathways 
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(Bargar et al., 2013). These studies demonstrate the importance of reactive iron mineral 

coatings in contaminant attenuation. However, because of the challenge of preserving the 

redox condition as a function of depth, there has not been a systematic study in identifying 

and characterizing redox transition zones in a contaminated subsurface environment. This 

study, a profile screening with complementary biogeochemical tools was conducted for 

RTZ identification. 

Reactive iron mineral coatings are defined as iron minerals formed under reduced 

as well as oxidized conditions and are expected to be abundant in redox transition zones. 

Reduced iron sulfide minerals have been studied in the lab for treating chlorinated organic 

compounds (He et al., 2009), radioactive waste (Bargar et al., 2013; Qafoku et al., 2017), 

and pharmaceutical waste (Bae et al., 2013). For organic waste, abiotic dehalogenation by 

reactive iron sulfide minerals has been found to play an important role in, for example, 

chlorinated solvents (He et al., 2015; Stefaniuk et al., 2016), which including chlorinated 

ethenes (Han and Yan, 2016; Usman et al., 2018a), chlorinated methanes (Butler and Hayes, 

2000; Czinnerová et al., 2020), and chlorinated alkanes (Choi et al., 2009). Although the 

transformation of a number of halogenated aliphatic compounds with crystalline iron 

minerals has been evaluated in lab-scale experiments, other metastable forms of iron 

sulfides found in natural systems (e.g., framboidal greigite) have not been studied. 

Furthermore, because of the challenge in preserving the redox condition of a sediment core, 

contaminated sediments have not been studied to the same extent. As a result, a study is 

needed for characterizing reactive Fe minerals in the RTZs as well as its contribution to 

chlorinated contaminants degradation. Such a study requires a systematic approach where 
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the redox condition is preserved to ensure biogeochemical processes can be isolated and 

evaluated.  

In this study, an 18.3-m anaerobic core was collected from an industrial site with 

historical contamination, where the constituents of concern (COCs) include aniline, 

nitrobenzene, and chlorinated solvents such as chlorobenzene. A critical part of collecting 

the core was preserving the redox condition during transportation and storage, which are 

vital concerns for oxygen sensitive sediments. This study is possibly the first to identify 

and investigate redox transition zones in a sediment core using complementary analyses 

with tools that provide insights down to a scale of nm. The complementary analyses 

contribute to the multiple lines of evidence for locating redox transition zones. Mineralogy, 

morphology, and semi-quantitative analyses of reactive Fe mineral coatings in sediment 

samples from RTZs were characterized with X-ray diffraction (XRD) and field emission 

scanning electron microscopy with energy dispersive X-ray spectroscopy (FESEM/EDX) 

in the previous studies (Hua et al., 2020). However, these tools are limited in quantifying 

ion exchangeable Fe2+ and amorphous Fe mineral coatings due to their poor crystallinity 

and relatively low concentrations (less than 3% mass) in sediments (Hua et al., 2020). 

Nevertheless, studies demonstrate the importance and abundance of amorphous and 

metastable minerals in sediments (Burton et al., 2009; Ikogou et al., 2017; Stolze et al., 

2019). Therefore, this study is to isolate and quantify reactive Fe mineral phases in four 

(out of five) RTZs; a vertical profile of the distribution of reactive Fe mineral coatings as 

a function of depth is evaluated with a six-step sequential extraction (SE) process.  

To help resolve contributions of the reactive Fe mineral coatings in abiotic 

attenuation, studies were designed to evaluate reaction kinetics for constituents of concern 
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(COC): 1,4-dichlorobenzene (1,4-DCB), tetrachloroethylene (PCE), and trichloroethylene 

(TCE). The study focused on applying well characterized sediments with Fe mineral 

coatings from the RTZs to address reaction rate expressions and rate constants in the 

degradation process for each of the select COCs. To the best of our knowledge, it is the 

first study to resolve the abiotic dechlorination processes of chlorinated ethene and benzene 

in the presence of natural Fe(II) mineral nano-coatings. This study helps support MNA 

with reactive Fe mineral coatings found in the subsurface and in RTZs. 

This dissertation includes a literature review, Chapter 2, on studies of iron cycling 

in redox transition zones, studies with naturally occurring reactive iron mineral coatings, 

methodologies for characterizing the redox transition zone, chlorinated solvent abiotic 

degradation pathways, and recent studies on degradation of chlorinated ethenes and 

benzene by reactive iron minerals. In Chapter 3, the objectives and hypotheses for this 

study are presented and are followed by Chapter 4 Methodology. The results are discussed 

in Chapters 5, 6, and 7. The concluding chapter summarizes the findings and reviews future 

work. 
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CHAPTER 2 

LITERATURE REVIEW 

 

In this literature review, studies conducted on iron speciation through biogeochemical 

cycling in redox transition zones are presented. The occurrences of reactive iron mineral 

coatings in natural environment are reviewed and includes iron minerals such as pyrite 

(FeS2), mackinawite (FeS), greigite (Fe3S4), and siderite (FeCO3). In addition, recent 

studies on methodologies to characterize the redox transition zones will be reported. The 

mechanism of chlorination solvents degradation through abiotic pathway are reviewed 

based on previous studies. The recent studies of chlorinated benzene and ethenes will be 

summarized in the last section. 

 

2.1 Iron Cycling in Redox Transition Zones  

Iron is the fourth most abundant element in the Earth’s crust. As a result, the importance 

of iron in biochemistry cycling cannot be overemphasized (Bishop et al., 2020; Huang et 

al., 2021; Kenneke and Weber, 2003). In wetlands, riverbed sediments, and groundwater, 

iron and sulfur minerals play a role in trace metal transformation and organic solvent 

degradation (Burton et al., 2011; Rasigraf et al., 2020). Therefore, the dissolution and 

precipitation of reactive iron mineral coatings in the redox transition zone influence the 

mobility of contaminants. Amorphous iron oxyhydroxide and sulfide minerals that form 

initially in the precipitation process are generally more reactive than crystalline forms; 

reactive minerals can build up over time under reduced redox conditions (Du Laing et al., 

2009). These amorphous, reactive iron mineral coatings found in redox transition zones are 
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important in abiotic contaminant attenuation. At the same time, biotic contributions cannot 

be neglected in iron cycling, where microbial communities depend on iron oxidation and 

reduction cycling at various spatial and temporal scales in nature. 

Iron redox cycling takes place across a wide range of subsurface and near-surface 

environments, potentially encompassing spatial scales from molecular (nm) to pore (µm to 

m) size. In redox transition zones (or the oxic-anoxic interface) input of an oxidizing agent, 

such as oxygen, drives Fe(II) oxidation to Fe(III). Because Fe(III) is sparingly soluble 

under ambient groundwater conditions, iron (III) (oxyhydr)oxides precipitate (e.g., 

goethite (α-FeOOH), hematite (Fe2O3), ferrihydrite (Fe2O3•0.5(H2O)), and lepidocrocite 

(FeOOH)) in aerobic environments (Cornell and Schwertmann, 2003; Lindsay, 1988). 

Fe(III) oxide minerals have significant surface area, surface charge density, and 

microporosity, therefore, they play an important role as sorbents for organic and heavy 

metal contaminants (Trivedi and Axe, 2000). 

Reduction of Fe(III) minerals to Fe(II) occurs through either abiotic or biotic 

pathways resulting in dissolution, precipitation, and/or adsorption. Compared to crystalline 

Fe(III) (oxyhydr)oxides such as goethite (α-FeOOH) and hematite (Fe2O3), poorly 

crystalline ferrihydrite has been observed to reduce more quickly (Brennan and Lindsay, 

1998) under higher redox potentials (Du Laing et al., 2009). For example, in glucose-

enriched sediment, reduction rates of amorphous ferrihydrite is fifty-fold greater than 

crystalline hematite (Lovley and Phillips, 1986). The reason for this phenomenon is that 

freshly precipitated mineral coatings have larger (>200 m2/g) surface area and a smaller 

grain size distribution with highly irregular morphology (Ford et al., 1997; Stumm and 

Sulzberger, 1992). Iron-reducing bacteria play a significant role in driving Fe (III) 
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(oxyhydr)oxides to a reduced form. Direct microbial reduction coupled to oxidation of 

organic carbon and H2 generation is recognized as the dominant mechanism for Fe(III) 

mineral reduction in anaerobic soil or sediment without sulfidogenic bacteria (Lovley et 

al., 2004; Lovley and Phillips, 1986). This process contributes to oxidation of both natural 

organic matter and organic contaminants in sedimentary environments and affects the 

mobility and behavior of trace metals and radioactive contaminants (Lovley and Anderson, 

2000). Moreover, the Fe(II) minerals act as a strong reductant for Fe(III) (oxyhydr)oxides 

and form secondary minerals such as goethite (α-FeOOH), siderite (FeCO3), magnetite 

(Fe3O4) and green rust (Borch et al. 2010). Oxidation of reduced sulfur (both biotic and 

abiotic) was found in sulfur-rich sediment driving Fe(III) to Fe(II) (Thamdrup, 2000). The 

function of bacterial catalysis is also important in Fe(III) reduction and can be coupled to 

oxidation of both  organic carbon and reduced S in acidic sediments (Johnson et al., 1993; 

Küsel et al., 2000; Küsel et al., 1999). When Fe(II) is in contact with oxygen, Fe(III) 

precipitates into an oxyhydroxide (Taillefert et al., 2000). It is worth noting that, due to the 

larger surface area, amorphous fine-grained, iron sulfides and framboidal pyrite oxidize 

more rapidly than crystalline forms (Merinero et al., 2009).  

In redox transition zones, reactive iron mineral coatings are vital to ecosystems in 

participating as electron donors or accepters in microbial processes. However, to a large 

extent this cycling has been conducted in the laboratory on synthesized minerals. To have 

better understanding of complex reactive iron mineral coatings found in the subsurface, 

studies on the occurrence of reactive iron mineral coatings in the environment are discussed 

in the next section. 
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2.2   Occurrence of Reactive Iron Minerals in Natural Environment 

Iron is the fourth most abundant element (6.3%) in the earth’s crust that can be present in 

a number of oxidation states; as a result, varieties of reactive iron mineral coatings are 

observed in the environment as a function of the biogeochemical conditions. The 

occurrences of Fe sulfide, Fe(II) carbonate, Fe(II)/(III) and Fe(III) minerals are discussed 

in the following. 

Iron sulfide minerals are strong reducing agents, providing electrons in contaminant 

degradation (Butler and Hayes, 1999b). Pyrite (FeS2) and mackinawite (FeS) are two iron 

sulfide minerals commonly observed in reduced environments ((Rickard and Morse, 2005). 

As the most thermodynamically stable iron sulfide mineral in the reduced environments, 

pyrite has been found, for example, in wetland sediments (Burton et al., 2011), in bay and 

estuary sediments (Buzas-Stephens et al., 2018), in sediment from acid mine drainage 

systems (Đorđievski et al., 2018), and in subsurface sediment (Atekwana and Abdel Aal, 

2015). Furthermore, pyrite has been observed with distinct morphological characteristics 

including aggregates framboids, and single framboids with nanometer grains (Chen et al., 

2018). The iron monosulfide mackinawite, considered a precursor to pyrite, is observed as 

nanometer particles with a poorly crystalline amorphous structure resulting in a larger 

surface area than crystalline pyrite. Under anaerobic conditions, mackinawite has been 

produced with sulfate-reducing bacteria (Zhou et al., 2019) and through precipitation from 

FeCl2 and Na2S suspension in the lab (Hyun and Hayes, 2015). This metastable mineral 

has been observed under anoxic conditions at a radioactive waste site (Carpenter et al., 

2015; Noël et al., 2017), at a site with heavy metal contamination (Jonsson et al., 2012), 

and at sites with chlorinated solvents (Szczepanik and Sawlowicz, 2010). 
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Fe(II) carbonate, siderite (FeCO3), occurs widely in sediments under reduced 

conditions as well. Previous studies have observed siderite mineral coatings in sediments: 

at a site with radioactive contamination (Thorpe et al., 2014). Siderite has been found to 

form biogenically by metal reducing bacteria for example, in the Bengal Delta sediments 

with As contamination (Islam et al., 2004), in cenozoic sediment (Griffioen et al., 2016), 

and organic-rich subsurface sediment (Qafoku et al., 2014). Furthermore, siderite has been 

studied in abiotic dehalogenation of chlorinated organics (e.g., hexachloroethane and 4-

chloronitrobenzene (Elsner et al., 2004)) and of inorganic wastes (e.g. chlorate and 

perchlorate (Brundrett et al., 2019)).  

In aquatic and terrestrial environments, the Fe(II)/(III) minerals also play important 

roles in the redox transition zones. For example, recently, magnetite (Fe3O4) has been 

observed in riverbed sediment (Ergin et al., 2018; Kinnaird et al., 2017), in coal ash (Cowan 

et al., 2017), in acid mine sediment (Đorđievski et al., 2018; Eberle et al., 2017), and in Fe-

rich soil sand sediments from an oil field with PAH contaminations (Rijal et al., 2012). In 

contract to magnetite, highly reactive and metastable Fe(II)/(III) green rust 

(Fe(III)xFe(II)y (OH)3x+2y−z(A–)z; A– = Cl–; 1/2 SO42–) has not been widely reported in 

sediment to the same degree as magnetite (Usman et al., 2018b). Recently, however, green 

rust was observed at the oxic-anoxic interface of an acid mine drainage site with uranium 

contamination (Johnson et al., 2014), in the active volcanic geogenic CO2 site with CO2-

rich soil (Rennert et al., 2012), in an iron-rich oxic-anoxic layer (Zegeye et al., 2012), and 

in ochreous sediment from a coal mine drainage system (Bearcock et al., 2006). Metastable 

green rust may be found in oxic to anoxic transition areas in the subsurface. Greigite (Fe3S4) 

is another important Fe(II)/(III) mineral, which has the same inverse spinel structure as 
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magnetite with stable magnetization (Opdyke and Channell, 1996). In anoxic environments, 

greigite has been found under sulfate-reducing conditions in mud and deep-sea sediment 

(McElhinny and McFadden, 1999). A pathway from magnetite to greigite to 

thermodynamically stable pyrite has been reported (Rogers, 2015):  

magnetite (Fe3O4) → greigite (Fe3S4) → pyrrhotite (Fe7S8) → pyrite (FeS2).  

As a metastable mineral, occurrence of greigite generally is accompanied by mackinawite 

in the subsurface, for example, in organic–rich radioactive waste sediments (Janot et al., 

2016) and re-flooded wetland sediments (Burton et al., 2011).  

Many different types of microorganisms accept electrons as an energy source in 

oxidizing Fe(II) minerals. Fe(II) minerals in the presence of iron-oxidizing bacteria (e.g., 

photoautotrophic Rhodobacter ferrooxidans strain (Kappler and Newman, 2004) and 

Ferroplasma acidiphilum (Edwards et al., 2000)) have been oxidized to Fe(III) 

(oxyhydr)oxides resulting in, for example, ferrihydrite (Fe2O3•0.5(H2O)), goethite (α-

FeO(OH)), hematite (Fe2O3), and lepidocrocite (γ-FeOOH). These Fe (oxyhydr)oxides are 

part of the iron cycling; for example, they have been found in redox transition zones that 

include iron-rich mine tailing sediment (Khoeurn et al., 2019); microbial-mediated 

transformations (Xiu et al., 2019), abiotic oxidation of aqueous Fe2+ forming ferrihydrite 

(Ouyang et al., 2019). During these processes, ferrihydrite, the amorphous oxyhydroxide, 

has been observed to be immobilize contaminants including As (Nur et al., 2019) and 

Lu(III) (Finck et al., 2019).  
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2.3   Characterizing Redox Transition Zones in Sediments 

To identify areas with highly reactive iron mineral coatings, it is necessary to probe and 

define zones over which gradients in the redox potential can be observed. Traditionally, at 

sites with contamination, the redox potential of a groundwater sample may be measured 

with the silver/silver chloride (Ag/AgCl) electrode (reference) and Pt electrode (working). 

However, preserving the sample redox condition can be challenging given the immediate 

equilibration of water with the atmospheric oxygen. Other methods for characterizing the 

redox potential in groundwater have included collecting the dissolved oxygen 

concentration (Cherry et al., 1979), the aqueous Fe2+ concentration (Grenthe et al., 1992), 

the concentration of the redox couple H2S/SO42- (Stefánsson and Arnórsson, 2002), and 

dissolved H2 concentration (Chapelle et al., 1996). However, as a number of studies (Gorny 

et al., 2018; Stefánsson et al., 2005) have demonstrated, preserving the redox condition for 

these measurements is challenging and results are often not reproducible. In addition, the 

groundwater from a monitoring well may not accurately represent processes at the mineral 

water interface. Therefore, evaluating the redox condition of sediments is of utmost 

importance. Methods to characterize redox conditions are discussed. 

Sediment ORP is an important indicator in understanding biogeochemical 

processes. Therefore, the methodology of evaluating sediment ORP has received more 

attention recently. Two techniques: amperometric and potentiometric are used in the 

sediment ORP measurements. Amperometric techniques are conducted with three-

electrode cells that include a working electrode (e.g., carbon, gold), a reference electrode 

(e.g., Ag/AgCl), and a counter (or auxiliary) electrode (e.g., Pt) (Figure 2.1) (Faulkner and 

Bard, 2002). The potentiostat records the current (I) passing between the working and  



 

 

Figure 2.1. Amperometric technique conducted mediated electrochemical analyses 

Source: Gorski et al. (2012) 

 

  

12 



 13 

counter electrode. Based on the electrons transfers from or to the working electrode, a 

reductive or oxidative environment exists. Potentiometric techniques require a defined 

reference state. Usually, a combined electrode (e.g., a Pt working electrode combined 

with Ag/AgCl reference probe) is necessary. While potentiometric measurements are 

relatively easy to carry out, the potential is accurate only if equilibrium has been 

achieved between the electrode and phase that the electrode is in contact with. 

Generally, being at equilibrium is the most significant challenge for both techniques. 

For sediment samples, (slow or) non-existing redox equilibration has been reported 

with suspended reactive iron minerals (Shi et al., 2011; Silvester et al., 2005). On other 

hand, in sediment where more than one reactive mineral is present, the measured redox 

potential is the mixed redox potential. In sediments, electron transfer is measured from 

multiple phases to the working electrode at different rates and therefore the reaction(s) 

are not at equilibrium (Mackay and Boethling, 2000; Power and Ritchie, 1983).  

To establish equilibration between the working electrode and the measured 

phases, two methods are commonly used including: non-mediated analysis and 

mediated analysis (Figure 2.2) (Aeppli et al., 2019). These two approaches can be used 

in both amperometric and potentiometric electrochemical techniques. Non-mediated 

electrochemical analyses involve taking measurements with the working electrode 

directly in contact with the minerals (Figure 2.2). Three different approaches may be 

used including (i) compact crystal electrodes, (ii) direct mineral immobilization, and 

(iii) composite electrodes (Sander et al., 2015). Equilibrium has been achieved with a 

single mineral or evenly packed conductive minerals becoming the working electrode, 

which is referred to compact crystal electrode. This method can be adopted for studying 

corrosion mechanisms (Vivier et al., 2000) and nanoparticle ORP where there is a lack 

of thermodynamic reference (Gorski et al., 2009; Nurmi et al., 2005). Direct mineral  



 

 

Figure 2.2 Overview of non-mediated (top) and mediated (bottom) electrochemical analyses; 

Source: Sander et al.(2015) 
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immobilization involves impregnating the conductive mineral into a soft host electrode, 

such as graphite and gold. Little sample is required in this measurement where the host 

electrode may be present as a µm thin layer. This approach can be applied to 

characterize the kinetics of reductive dissolution of iron (oxyhrdr)oxides (Grygar, 

1995). Composite electrodes are prepared by mixing minerals with a conductive binder 

material (Gruner et al., 1993). This method is appropriate for minerals that lack the 

intrinsic high conductivity required for compact crystal electrode measurements. 

However, the embedded mineral may react with conductive additive (Scholz and Meyer, 

1994). The three non-mediated analyses are suitable for pure minerals samples with 

modifications to address conductivity, however, they are not applicable for non-

conductive and complex samples like Fe-rich mineral coatings. 

In mediated electrochemical analyses, dissolved redox mediators are applied to 

rapidly equilibrate with both the working electrode and solid phase in suspension 

(Figure 2.2 bottom) (Sander et al., 2015). Redox potential through mediated analyses 

can be used for measuring redox reactions with reduced organic matter (Yu et al., 2016) 

and iron clay minerals (Sander et al., 2015). Studies focused on Fe-rich clay minerals 

(Gorski et al., 2012c) have demonstrated electron transfer with natural organic matter 

using mediated electrochemical reduction (MER) and oxidation (MEO). The one-

electron-transfer mediating compounds facilitate electron transfer between samples to 

working electrode. To maintain constant Eh during the measurement, an 

electrochemical cell with a pH-buffer solution is required. Aeppli et al. (2019) modified 

the mediated electrochemical analysis by extending the time for measuring the current 

in a magnetite-goethite mixture; they concluded that because the current was constant 

for a 20-minute period, the system was at equilibrium. However, without 

complementary analyses to support the mechanistic processes, the system may be 
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transient with a slow process not observed in 20 minutes. Nevertheless, this method is 

useful for measuring the redox potential of a well-defined system with a single mineral 

surface. However, at this time, this approach is not suitable for natural heterogeneous 

sediment samples with complex geochemistry.  

Yu and Rinklebe (2013) reported the ORP of soil-water suspension (with a 

sediment to water ratio 1:4) with potentiometric analysis (e.g., Pt and Ag/AgCl 

combination probe), this method may not applicable for measuring an accurate ORP 

from sediment due to the complex matrix of the sediment-water suspension and the 

likely non-equilibrium condition. However, the ORP measurements and gradients 

observed from studying a sediment profile can provide critical evidence for redox 

transition zones. In addition, with measurements of Fe and S concentrations in sediment, 

their gradients coupled with the ORP gradients provide substantive information that can 

be used isolate zones of interest in the subsurface. Furthermore, with newer molecular 

techniques such as amplify genus level bacteria with 16S rRNA gene sequencing 

(Burns, 2016), the abundant bacteria can provide further evidence of the redox 

conditions and transition zones.  

 

2.4 Dichlorobenzenes and Chlorinated Ethenes in the Environment 

Contamination of subsurface systems with chlorinated solvents (such as 1,4-

chlorobenzenes (1,4-DCB), tetrachloroethylene (PCE), and trichloroethylene (TCE)) is 

a pressing problem due to their past usage, mobility in the environment, and legacy at 

sites worldwide (Jordan et al., 2021; U.S.EPA, 1980; U.S.EPA, 2020). The U.S. 

produced approximately 2 billion pounds of chlorinated solvents each year during the 

period of 1940-1980 (Moran et al., 2007). According to the U.S. Environmental 

Protection Agency (U.S.EPA., 2021) Toxic Release Inventory dataset, from 2018 to 
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2020, total releases of 1,4-DCB, PCE, and TCE were approximately 0.05 million kg, 

1.2 million kg, and 2.0 million kg, respectively. Because of their low solubility, 

relatively slow attenuation rates (Pankow and Cherry, 1996), and past disposal practices, 

releases into the subsurface and groundwater have been problematic. 

Aromatic compounds dichlorobenzenes (DCBs) have three isomeric forms: 1,2-

dichlorobenzene (1,2-DCB), 1,3-dichlorobenzene (1,3-DCB), and 1,4-DCB. 1,4-DCB, 

the most commercially important isomer, is a volatile colorless to white crystalline 

material (PubChem Database, 2019). It is used as a fumigant for the control of moths, 

mildews, and molds and has been used as an air deodorant for restrooms and refuse 

containers (U.S. EPA, 1980). An important source of 1,4-DCB in the environment is 

its release from air deodorants and moth repellants into the atmosphere. Some 1,4-DCB 

entered in the soil and water from hazardous waste site (U.S.EPA., 2021). Physical and 

chemical properties of 1,4-dichlorobenzene impact its activity in environment (Table 

2.1). Chlorinated ethenes, such as PCE and TCE, are widely used for dry-cleaning 

fabrics and metal degreasing operations. Because of their usage in industry, PCE and 

TCE have been detected in ambient air and drinking water supplies from contaminated 

groundwater source (U.S.EPA, 2012). A long term exposure to these two compounds 

will damage kidney, liver, immune system, and hematologic system ((ATSDR), 1997). 

The chemical and physical properties of PCE and TCE are listed in Table 2.2 

 

2.5 Abiotic Degradation Mechanisms of Chlorinated Organic Compounds 

He et al. (2015) conducted a review of studies involving abiotic dehalogenation with 

reactive iron minerals reporting experimental conditions, products, and rate constants 

for the dehalogenation of chlorinated ethenes, methanes, and alkanes. They 
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summarized four main mechanisms for chlorinated solvents reductive dehalogenation: 

reductive elimination, hydrogenolysis, dehydrohalogenation, and hydrolysis. 

Reductive elimination is the most common abiotic pathway for chlorinated 

solvents dechlorination. Reductive elimination, including α-elimination and β-

elimination, is a process transferring two-electron and the elimination of two chlorine 

atoms (De Wildeman and Verstraete, 2003). The reaction is usually observed in 

chlorinated ethene and alkanes transformations, and can be described in Eq. 2.1: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝑒𝑒− → 𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅 + 2𝑅𝑅𝑅𝑅−                     (2.1) 

Hydrogenolysis is a reductive reaction where the carbon-chlorine bond is 

broken, and hydrogen atoms replace the chlorine atoms with simultaneous addition of 

two electrons to the molecule (Tobiszewski and Namieśnik, 2012). Sequential 

hydrogenolysis involves the sequential replacement of chloro-substituents with protons, 

releasing chloride (Holliger et al., 2003). The reaction is described: 

𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐻𝐻+ + 2𝑒𝑒− → 𝑅𝑅𝐻𝐻 + 𝑅𝑅𝑅𝑅−                          (2.2) 

Dehydrohalogenation is a non-reductive elimination reaction involving 

chlorinated alkanes in which a chlorine atom is removed from a carbon atom along with 

removal of a hydrogen atom from a neighboring carbon atom and the resulting 

formation of a double bond (Goltz et al., 2005). This reaction results in the formation 

of less saturated compounds and increases bond order. 

𝑅𝑅𝐻𝐻𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝐻𝐻2 → 𝑅𝑅𝐻𝐻𝑅𝑅 = 𝑅𝑅𝐻𝐻𝑅𝑅 + 𝐻𝐻𝑅𝑅𝑅𝑅                (2.3) 

Hydrolysis is substitution reaction that a compound (RCl) reacts with water, and 

the halogen (Cl) is replaced with a hydroxyl (–OH) group (Goltz et al., 2005). 

𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐻𝐻2𝑂𝑂 → 𝑅𝑅𝑂𝑂𝐻𝐻 + 𝐻𝐻𝑅𝑅𝑅𝑅                              (2.4) 
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Table 2.1 Chemical and Physical Properties of 1,4-Dichlorobenzene, Chlorobenzene, 
and Benzene 

Parameters 
1,4-Dichlorobenzene 

(1,4-DCB) 

Chlorobenzene 

(CB) 

Benzene 

(BZ)
 
 

Molecular Formula C6H4Cl2 C6H5Cl C6H6 

Structure 
 

 

 

Molecular Weight (g/mol) 147.0  112.56 78.1 

Boiling Point 174.0 °C 131.7 °C 80.0 °C 

Melting Point 52.09 °C -45.20 °C 5.42 °C 

Solubility (25 °C; in water; 

mg/L) 
81.3  499  1.79 × 10

3
  

Density (g/cm
3)
 1.2475  1.11  0.891  

Vapor Pressure (25 °C; 

mmHg) 
1.74  11.8  94.8  

Octanol/Water Partition 

Coefficient  

(log Kow) 
3.44 2.84 2.13 

Octanol/Air Partition 

Coefficient  

(log Koa) 
4.46 3.31 2.78 

Heat of Vaporization  

(25 °C; kJ/mol ) 
49.0  40.97  33.83  

Henry’s Law Constant  

(20 °C; atm⋅m
3
/mol) 

2.41e-3  3.11e-3  5.55e-3  

Source: PubChem database (access in January 2022) 
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Table 2.2 Chemical and Physical Properties of Tetrachloroethylene and 
Trichloroethylene 

Parameters 
Tetrachloroethylene 

(PCE) 

Trichloroethylene 

(TCE) 

Molecular Formula C2Cl4  C2HCl3 

Structure 

 

 

Molecular Weight (g/mol) 165.8  131.38  

Boiling Point 121.3 °C 87.0 °C 

Melting Point -22.3 °C -83.5 °C 

Solubility (25 °C; in water; mg/L) 206  1,280  

Density (g/cm
3)

 1.62  1.44  

Vapor Pressure (25 °C; mmHg) 18.5  69.0  

Octanol/Water Partition Coefficient  

(log Kow) 
3.40 2.99 

Octanol/Air Partition Coefficient  

(log Koa) 
3.48 2.51 

Heat of Vaporization  

(25 °C; kJ/mol ) 
39.72  34.54  

Henry’s Law Constant  

(20 °C; atm⋅m
3
/mol) 

1.77e-2  9.85e-3  

Source: PubChem database (access in January 2022) 
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2.6 Degradation of 1,4-DCB, PCE, and TCE with Fe Minerals 

The chlorinated benzene 1,4-DCB is chemically stable (see Table 2.1) and is the 

byproduct of producing long-chain aromatic compounds, such as alpha-

hexachlorobenzene (γ-HCH). While there have not been many studies focused on 

abiotic dehalogenation and degradation, Liu et al. (2003) reported 1,4-DCB was a 

dominant byproduct of γ-HCH transformation via reductive elimination and 

dehydrochlorination by mackinawite (FeS). Reduction of γ-HCH was also observed in 

a bimetallic system where Fe was catalyzed by less active metal such as Ag (Xu and 

Zhang, 2000), Cu (Zheng et al., 2009), and Pb (Nie et al., 2013). However, products 

from further reduction of 1,4-DCB in these systems have not been reported. Abiotic 

degradation of 1,4-DCB has been reported with hydroxyl radicals, activated persulfate 

(Garcia-Cervilla et al., 2022; Huang et al., 2005), and ozone (Real et al., 2007). 

Reductive biodegradation of 1,4-DCB has been studied to a greater extent under 

anaerobic conditions (Alfán-Guzmán et al., 2017; Fung et al., 2009; Kurt and Spain, 

2013; Lawrence, 2006; Qiao et al., 2018). For example, degradation of 1,4-DCB was 

observed within 11 days by microcosms in the sediment collected from a contaminated 

industrial site (Fung et al., 2009). In other studies (Liang et al., 2011; Nelson et al., 

2014; Qiao et al., 2018), Dehalobacter has been found to degrade 1,4-DCB; byproducts 

included chlorobenzene (CB) and benzene (BZ) via the hydrogenolysis pathway. 

Although many studies focused on 1,4-DCB biodegradation, reductive dechlorination 

of 1,4-DCB has not received the same attention. With a stable aromatic ring, 

degradation of 1,4-DCB is challenging through reductive abiotic pathways.  

In field studies (Weatherill et al., 2018), degradation of chlorinated ethenes (e.g., 

PCE and TCE) primarily followed biotic pathways such as halorespiration and 

cometabolism under anaerobic conditions. With a better understanding of iron (Fe) 



 22 

minerals in natural systems, abiotic dehalogenation has been recognized in the 

degradation of chlorinated ethenes in monitored natural attenuation (MNA) (He et al., 

2009; He et al., 2015; Whiting et al., 2014). Most studies on PCE and TCE degradation 

have been reported based on laboratory experiments with synthesized zero-valent iron 

(ZVI) nanoparticles (Garcia et al., 2021), pyrite (FeS2) (Butler and Hayes, 1999a), 

mackinawite (FeS) (Jeong et al., 2007), vivianite (Fe2+3(PO4)2 · 8H2O) (Bae and Lee, 

2012), magnetite (Fe3O4) (Culpepper et al., 2018), and green rust 

(Fe2+4.5Mg1.5Fe3+2(OH)18•4(H2O)) (Liang et al., 2009; Maithreepala and Doong, 2005). 

In the abiotic processes studied, reductive elimination is the dominant pathway for 

chlorinated ethene, with acetylene as the major byproduct (He et al., 2015). While 

hydrogenolysis has been reported to some extent (Jeong et al., 2007; Liang et al., 2009), 

it is the primary pathway for biotic transformation with byproducts 1,1-

dichloroethylene (1,1-DCE), cis-1,2-dichloroethylene (cis-DCE), vinyl chloride (VC), 

and ethene. The byproduct VC is more toxic than PCE and TCE (McCarty, 1997), as 

such abiotic degradation may be a more attractive strategy. In field studies, abiotic 

degradation of PCE and TCE was observed with Fe(II) minerals in low permeability 

source zones (Berns et al., 2019), dense non-aqueous liquids (DNAPLs) (Puigserver et 

al., 2022), and clay soils (Entwistle et al., 2019; Schaefer et al., 2017). However, 

contributions of nano-size reactive Fe mineral coatings in the degradation process have 

not yet been reported. 

Reactive Fe minerals play an important role in the mineral-water interface 

(Kotopoulou et al., 2022). Under sulfate- and iron-reducing conditions, abiotic 

reduction of chlorinated solvents driven by synthesized reactive Fe minerals has been 

widely reported in laboratory-scale studies (He et al., 2009). With a better 

understanding of mineral solubility (Table S2), reactive iron minerals such as siderite 
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(Bruno et al., 1992), pyrite (Rickard and Luther, 2007), and magnetite (Rickard and 

Luther, 2007) were applied in field studies. The target compounds have included 

chlorinated ethenes (e.g., PCE (Butler and Hayes, 1999a; Jeong and Hayes, 2007; Liang 

et al., 2007a; Nunez Garcia et al., 2020) and TCE (Audí-Miró et al., 2015; Velimirovic 

et al., 2013)), chlorinated methanes (e.g., carbon tetrachloride (CCl4) (Choi and Lee, 

2009; Rodríguez-Fernández et al., 2018; Zhang et al., 2021b; Zwank et al., 2005)), and 

chlorinated alkanes (e.g., 1,1,1-trichloroethane (Butler and Hayes, 2000; Choi et al., 

2009; Gander et al., 2002)). Based on studies with pure minerals, the general trend of 

mineral activity for chlorinated solvent degradation was summarized by He et al. (2015) 

as the following: disorder mackinawite > mackinawite > ZVI > pyrite > sorbed Fe2+ > 

green rust = magnetite > biotite > vermiculite. On the other hand, the reactivity of iron 

minerals in natural systems has been more difficult to resolve. Multiple studies 

demonstrated Fe(II)-bearing clay (e.g., illite, chlorite, and riebeckite) and pyrite present 

in rock matrices participated in PCE and TCE dechlorination (Entwistle et al., 2019; 

Schaefer et al., 2018b; Schaefer et al., 2017; Yu et al., 2018). However, several minerals 

in the matrix contribute to contaminant attenuation. With rates that are environmentally 

relevant, further work is needed in resolving degradation kinetics from Fe(II) mineral 

contributions (Berns et al., 2019; Schaefer et al., 2013).  

 

2.7 Summary of Literature 

In this chapter, discussion of iron cycling and transformation of reactive iron minerals 

in the environment were reported. The literature demonstrates the importance of 

reactive iron mineral coatings in abiotic and biotic processes. These processes are most 

significant redox transition zones. Multiple tools can be applied to better define these 

zones in the subsurface. Additionally, dichlorobenzenes and chlorinated ethenes (PCE 
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and TCE) have been released in the environment becoming serious problems. The 

abiotic degradation mechanism of these compounds with reactive Fe minerals has been 

summarized in this chapter, indicating reactive Fe minerals in contaminated systems 

play an important role in contaminant attenuation. In the Chapter 3, objectives and 

hypotheses are presented. 
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CHAPTER 3  

RESEARCH OBJECTIVES AND HYPOTHESES 

 

The presence of reactive iron minerals has led to a number of studies to understand their 

formation, transformation, and geochemical cycling in redox transition zones. Studies 

have demonstrated iron speciation is a function of the redox potential and gradient, pH, 

and microbial activity in the system. However, these studies have been conducted for 

the most part in the lab and therefore there have not been studies conducted that 

examined the scale of these redox transition zones and the iron mineral coatings formed 

while preserving the redox condition. Therefore, the objectives of this study are to: 

Determine the biogeochemical conditions (e.g., sediment pH, sediment ORP, TVOC, 
and elemental concentration) in 18.3-m anoxic core sediment as a function of depth 
with the redox condition preserved. 
 
Identify the location of redox transition zones with complementary analyses probing 
samples from the meter down to nano scale. 
 
Develop the understanding of Fe and S cycling in the redox transition zones based on 
the iron species correlating with microbial data. 
 
Evaluate reaction kinetics for the abiotic dehalogenation of chlorinated solvents with 
reactive iron mineral coatings. 
 
The following hypotheses will be tested: 

Reactive iron mineral coatings play a significant role in abiotic reactions in the 
subsurface oxic-anoxic environment. 
 
Based on Fe and S concentrations as a function of depth, gradients observed correlate 
with redox potential gradients in the subsurface.  
 
Transition zones with reactive mineral coatings can be identified based on sediment pH, 
redox potential, composition, constituents of concern (COC), and abundance of bacteria. 
 
The speciation of reactive iron minerals forming on bulk surfaces can be characterized 
using tools such as sequential extraction. These surface coatings control the desired 
(a)biotic reactions and are a signature of the biogeochemical processes that are active. 
 
Sediments with reactive iron mineral coatings contribute to the degradation of 1,4-
dichlorobenzene (1,4-DCB), tetrachloroethylene (PCE) and trichloroethylene (TCE) in 
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the redox transition zones; the reaction rate expression is expected to fit a pseudo-first 
order reaction given the elevated concentration of Fe mineral coatings in the subsurface. 
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CHAPTER 4 

METHODOLOGY 

 

In this section, methods used in screening sediment samples from the 18.3-m core are 

reviewed for investigating metal concentration and distribution, sediment ORP, 

sediment pH, and TVOCs in the headspace. In addition, to assess the speciation and 

forms of the Fe mineral coatings, sequential extraction will be applied, and the 

methodology is reviewed in this chapter. Moreover, a bench study protocol will be 

conducted to evaluate the dechlorination kinetics of 1,4-DCB, PCE, and TCE with 

reactive iron mineral coatings. Laboratory quality assurance and quality control 

(QA/QC) are based on the Standard Methods for the Examination of Water and 

Wastewater (Rice et al., 2017) including cleaning process, duplicate iron concentration 

measurement by flame atomic absorption spectroscopy (FAA). All reagents are 

prepared with chemicals of ACS grade and in O2 free deionized (DI) water (30 minutes 

N2 purged until loaded in the glovebox).  

 

4.1 Quality Assurance and Quality Control (QA/QC) Procedures 

All non-disposable sample containers, test chambers, and other equipment that were in 

contact with sediment are washed initially with a Micro 90 detergent and rinsed with 

deionized water (USEPA, 2000). Glassware was then soaked in a 10% HNO3 solution 

for 2 days and 1 day for high-density polyethylene (HDPE) (Nalgene®) containers (John, 

2003). After the acid wash, the glassware and HDPE containers were rinsed in DI water 

and stored in a particle-free environment (i.e., sealed in plastic bags). 
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4.2 Site Description 

The studied site is underlain by approximately 152.4 m of unconsolidated Coastal Plain 

sediment (Table 4.1) deposited during the Holocene epoch (B-Aquifer and B-C Clay), 

Pleistocene epoch (Aquifers C and D), and Cretaceous period (Aquitard D-E Clay) 

(URS, 2013). The dominant bulk minerals in this system include quartz (SiO4), 

kaolinite (Al2Si2O5(OH)4), and illite (K,H3O)Al2Si3AlO10(OH)2. The upper 3.35 m 

depth below the surface (DBS) is comprised of fill material, which is not part of this 

study. From 3.35 m to 5.49 m (DBS), the unconfined B-Aquifer is recharged by 

groundwater. The C-Aquifer is located at a DBS of 6.86 m to 10.45 m with significant 

hydraulic communication with the B Aquifer. The D-Aquifer is hydraulically 

connected to the C-aquifer and is located at 10.45 m to 14.63 m (DBS). A pump and 

treat system is centrally located on the site and controls groundwater flow. 

 

4.3 Sample Preparation and Preservation 

An 18.3 m by 10.16 cm diameter outfitted anoxic core was collected with a hybrid 

Vibracore core barrel and Rotosonic drilling technique from an industrial site with 

historical contamination. Constituents of concern (COCs) present in the groundwater 

include aniline, nitrobenzene, and chlorinated solvents such as chlorobenzene (COCs 

in the groundwater are shown in Figure 4.1). Sixty-one cm long core samples were 

collected with stainless steel liners as they are chemically resistant and a barrier to 

oxygen; each was capped with aluminum foil covered stainless-steel disks and Fernco 

cap on site(Landis et al., 2021). To preserve the in situ redox conditions of the sediment, 

each core was loaded in a PVC tube that was purged with analytical grade argon (0.10 

– 0.14 bar outlet pressure (2.84×10-4 m3/s)), sealed, delivered (in approximately 2 hours) 

to New Jersey Institute of Technology (NJIT), and stored at 4 ℃ (Burt and Staff, 2014).  



  

 

Figure 4.1. Groundwater D14-MLS (Multilevel Monitoring System) results from the area of concern along with the geological strata. The five 
dominant COCs are 1.4-dichlorobenzene, chlorobenzene, aniline, nitrobenzene, and 4-chloroaniline. This figure is adapted from the Chemours 
Chambers Works Site SAB server. The contractor AECOM collected samples and compiled the data (AECOM, 2016)  
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Table 4.1. Summary of Hydrogeology Beneath the Studied Site 
Aquifer/A

quitard 
Geologic 

Age 
Depth Below the 

Surface (m) 
Geologic Description Hydrogeologic Characteristic 

B Holocene 3.35 – 5.49 Interbedded clays, silts and 
sands 

Aquifer: B-Aquifer is less permeable than C and D 
Aquifers. Unconfined 

B-C Holocene 5.49 – 6.89 Gray to black silt or clay Aquitard: Thin to absent or sandy in the eastern portion 
of the site and in the vicinity of the basins. 

C Pleistocene 6.86 – 10.45 Coarse sand with some cobbles Aquifer: C-Aquifer is significantly more permeable 
than B-Aquifer. Additionally, C-Aquifer is similar to D 
Aquifer. Hydraulically connected to the B-Aquifer. 

D Pleistocene 10.45 – 14.63 Poorly sorted coarse sand with 
some cobbles 

Aquifer: Deposits filled paleovalley that was cut 
into Cretaceous age sediments. Hydraulically connected 
to the C-Aquifer. 

D-E Cretaceous 14.63 – 20.12 Red clay or variegated (red, 
white, yellow and gray clay) 

Aquitard: Regionally effective aquitard. 

Source: DuPont. Conceptual site model: Hydrogeology and remediation of contaminated groundwater. Internal Report, 2006. 
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The analyses began once the core samples were delivered. 

All experiments were conducted in a glovebox (Vacuum Technology) under a 

99.999% N2 environment (O2 < 0.1 ppm). An electrically powered hydraulic jack 

system was designed and operated in the glovebox for extruding core samples from the 

stainless-steel sleeves into approximately 5.08 cm thick, 7.62 cm diameter subsamples. 

A total of 225 subsamples were logged photographically and included reporting (Soil 

and Rock, 2017) dominant geology (sand, clay, silt, and gravel), aquifer and aquitard 

information, water content, grain size, color, and oxygen concentration in the sediment 

headspace (Appendix A and Figure 4.2). Sediment from an aquifer at a DBS of 15.24 

to 17.17 m was not retrieved (Appendix A). Subsamples were stored in DURAN® 

borosilicate wide-mouthed sample containers with 5.08×10-3 cm PTFE film and 

6.10×10-2 cm aluminum foil lined caps; the containers were heat sealed in 0.127 mm 

Mylar bags with a 99.999% N2 headspace to maintain the redox condition. The samples 

were placed in Nalgene® containers to ensure safe handling in moving samples from 

the refrigerator to the glovebox. All the samples were stored at 4 ℃. 

 

4.4 Sediment pH and ORP Analysis 

Sediment pH and sediment ORP were measured with an Orion Star A211 Benchtop 

Meter (Thermo Scientific). For each 5.08 cm sample, 5 g of sediment (wet weight) was  

mixed in a 0.01 M CaCl2 solution resulting in a solid to liquid ratio of 1:3 (w/v) (Burt 

and Staff, 2014; Sumner, 1994). This ratio with an electrolyte was found to reduce the 

suspension effect on pH along with minimizing the liquid junction potential and 

fluctuations in pH measurements. The pH measurement was conducted at room 

temperature (20 ± 2℃) with a three point (pH = 4.01, 7.00, 10.01) calibrated glass probe 

(8302BNUMD, Thermo Scientific). For measuring the sediment redox potential, a  
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Figure 4.2 O2 concentration (ppm) in the headspace of subsample as a function of 
depth (m).  



 
 

33 

sediment/DI water ratio of 1:4 (w/v) was applied (Yu and Rinklebe, 2013). The 

completely mixed suspension was measured using a combination (Pt redox sensor and 

Ag/AgCl reference system) ORP probe (9179BN, Thermo Scientific); this approach 

has been reported to result in more accurate measurements compared to the bulk soil 

measurement with spear-probe (Herbel et al., 2007). The measurement stabilized at an 

equilibration period of 15 mins. The ORP is reported using an Ag/AgCl reference 

electrode and was not converted. 

 

4.5 X-Ray Fluorescence Spectrometer Analysis 

X-Ray fluorescence (XRF) is an effective and non-destructive method for conducting 

sediment elemental analysis. Elemental (atomic number > 12) concentrations (mg/kg) 

in the sediment were measured using a Niton™ XL3t GOLDD+ XRF Analyzer 

(Thermo Scientific) in both soil mode (metal concentration < 1% w/w) and mining 

mode (metal concentration >1% w/w) (Tables 4.2 and 4.3) following EPA 6200 Method 

(U.S.EPA., 2007). The XRF used in this study is equipped with a built-in calibration 

program. Each 5.08 cm subsample was classified as either intact or non-intact. Fifteen 

sampling locations were measured in each cylindrically shaped, intact (in situ) sample 

where clay and silt were dominant (Figure 4.3). For non-intact samples, five subsamples 

were collected into 12 ml disposable XRF containers and covered with a transparent 

membrane. Each non-intact subsample was measured in triplicate (Figure 4.3). The 

standard error in Fe and S concentrations is ±228 mg/kg and ±212 mg/kg, respectively. 
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Table 4.2 XRF soil mode (Thermo Scientific Niton XL3t GOLDD+ Series Manual). 
Soil Mode Limits of Detection in ppm (mg/kg) 

El
em

en
t 

Time 60s per filter 
Matrix SiO2 SiO2+Fe+Ca SRM 
Mo 3 3 3 
Zr 3 4 7 
Sr 3 3 7 
U 5 4 7 
Rb 3 3 5 
Th 4 4 5 
Pb 5 8 8 
Se 3 4 4 
As 4 7 7 
Hg 6 9 9 
Au 7 9 9 
Zn 7 10 12 
W 20 30 30 
Cu 10 13 15 
Ni 25 30 30 
Co 20 90 90 
Fe 25 N/A N/A 
Mn 35 50 65 
Cr 10 22 30 
V 10 25 60 
Ti 20 60 150 
Sc 10 75 80 
Ca 40 N/A N/A 
K 45 150 N/A 
S 75 275 350 
Ba 35 45 45 
Cs 30 35 35 
Te 30 35 35 
Sb 15 20 20 
Sn 15 20 20 
Cd 10 12 12 
Ag A/S A/S A/S 
Pd 10 12 12 

 
A/S = Application-specific   N/A= Not applicable 
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Table 4.3 XRF Mining Mode (Thermo Scientific Niton XL3t GOLDD+ Series Manual). 
Mining Mode Limits of Detection in ppm (mg/kg) 

El
em

en
t 

Time 60s per filter w/out He 
Matrix SiO2 SiO2+Fe+Ca SRM 
Ba 35 40 45 
Sb 12 15 15 
Sn 15 18 20 
Cd 8 10 10 
Pd 5 5 5 
Ag A/S A/S A/S 
Mo 3 3 3 
Nb 3 3 3 
Zr 3 3 5 
Sr 3 3 5 
Rb 3 3 3 
Bi 3 5 5 
As 3 5 5 
Se 3 3 3 
Au 16 20 20 
Pb 5 10 10 
W 40 60 60 
Za 8 15 15 
Cu 12 15 15 
Ni 25 30 39 
Co 20 100 100 
Fe 35 N/A N/A 
Mn 60 65 85 
Cr 20 30 35 
V 10 20 35 
Ti 10 20 60 
Ca 50 N/A N/A 
K 40 N/A N/A 
Cl 60 50* 80 65* 75 65* 
S 70 55* 90 75* 125 90* 
P 250 200* 400 330* 300 230* 
Si N/A N/A N/A N/A* N/A N/A* 
Al 500 220* 1000 500* 2500 1000* 
Mg 3500 750* 6000 1500* 6500 2000* 

 
A/S = Application-specific   N/A= Not applicable 
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Figure 4.3 XRF measurements for intact (left) and non-intact (right) sediment samples. 
In this study, XRF tube excitation reached 50 keV. For each subsample (5.08 cm), 15 
scans were collected. To preserve the redox condition of core samples and the 
heterogeneity of the sample as well, sediment was not milled outside of the glovebox. 
Based on the density of the material, the penetration depth for sediment sample is from 
0.3 to 1.6 cm.  
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4.6 TVOC Measurement 

To obtain a relative understanding of total volatile organic compounds (TVOC) 

(volatiles and semi-volatiles) present, triplicate photoionization detector (PID) 

measurements were collected of each sample’s headspace (Jian et al., 2014). 

Chlorobenzene is one of the dominant COCs in the area of concern based on multilevel 

monitoring system (MLS) groundwater analyses (Figure 4.1). As a result, the PID 

(MiniRAE 3000 with 11.7 eV lamp, Honeywell) was calibrated with isobutylene and 

reported as chlorobenzene (RAE, 2010).  

 

4.7 Microbial Deoxyribonucleic Acid (DNA) Sequencing Analysis 

Sterile sampling tools and vials were used for collecting and storing samples for DNA 

extraction. Each 5.08 cm subsample was examined macroscopically and 0.2 g of 

material was retrieved (Iker et al., 2013) from each subsample so that visibly differing 

material within the subsample was represented. This material was then mixed and 

processed for DNA isolation using a PowerSoil™ (Qiagen) kit with five one-minute 

agitation cycles using a MiniBead beater 96 (Biospec Products). DNA from each 5.08 

cm subsample was used for microbial community analysis by amplification of the 16S 

rRNA gene V4 region using primers described previously (Raju et al., 2018), 

sequencing DNA from each subsample to a read depth of greater than 50,000 reads. 

Sequences were then error corrected, and subject to de novo operational taxonomic unit 

(OTU) clustering, relative abundance of each OTU was determined in each sample, and 

genus level taxonomic assignment of the OTUs generated using the Mothur analysis 

pipeline (Kozich et al., 2013). 
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4.8 Sequential Extraction 

A six-step SE (Table 4.4) was conducted where two samples from each subsample were 

collected and were run in duplicate. The total Fe concentration of each sample was 

measured with XRF (Niton™ XL3t GOLDD+, Thermo Scientific) in triplicate using 

soil mode (metal concentration < 1% w/w) and mining mode (metal concentration > 1% 

w/w) (U.S.EPA., 2007) in a glovebox. To preserve the redox condition and mineralogy 

of sediment samples, sediment could not be milled outside of the glovebox and the 

native particle size of the sediment was used. As a result, each extraction was evaluated 

on sediment samples representative of the core (i.e., silt, sand, and clay) as a function 

of time to ensure equilibrium was attained. A total of 1 g sediment was placed in 40 mL 

centrifuge tube with 10 mL extractant in the extraction. Samples were continuously 

shaken in the glovebox at 500 rpm during extraction. After each reaction, residual 

sediment and supernatant were separated (in air-tight, sealed centrifuge tubes) outside 

of glovebox at 13,000 rpm for 30 mins (with N2 headspace). To reduce interference 

between each step, residual sediment was rinsed in the glovebox with DI water three 

times (except for the samples from Zone 1). The concentration of Fe in each extract 

was evaluated with flame atomic absorption (FAA) or inductively coupled plasma-mass 

spectrometry (ICP-MS) (U.S. EPA method 7000B and 6020B). With Octopole 

Reaction System installed in Agilent 7900 ICP-MS, plasma-based interference can be 

reduced for Fe measurements (Yamada et al., 2002). 

SE analyses are affected by particle size, pH, and mineral structure (Rodgers et 

al., 2015), therefore, resolving the period of extraction for the sediment core collected 

is necessary before applying SE. In a time study of each extraction step, the 

concentration of extracted Fe increased with time in all but Step 5 of the extractions 

(Figure 4.4). Based on these results, the maximum Fe recovery rate increased by as  



 
 

 

Table 4.4 The Methodology of the Six-Step Sequential Extraction 
Extraction 
step 

Targeted species Extractant Applied 
time (h)a 

References 

1 Ion exchangeable Fe2+ 1 M calcium chloride (CaCl2), pH 7 3 (Heron et al., 1994; 
Tessier et al., 1979) 

2 Carbonate-associated Fe: 
siderite along with partial 
mackinawite 

1 M sodium acetate (NaAc), pH 4.5 40 (Poulton and 
Canfield, 2005; Zhu 
et al., 2016) 

3 Poorly crystalline Fe:  
mackinawite, ferrihydrite, 
greigite  

1 M hydrochloric (HCl) 11 (Cooper and Morse, 
1998; Larner et al., 
2006; Scouller et 
al., 2006) 

4 Reducible oxides:  
Goethite, akaganeite, hematite 

0.29 M sodium dithionite (Na2S2O4) buffered to 
pH 4.8 with 0.35 M acetic acid (CH₃COOH) and 
0.2 M sodium citrate (Na3C6H5O7) 

7 (Poulton and 
Canfield, 2005) 

5 Magnetite  0.2 M ammonium oxalate ((NH4)2C2O4) buffered 
to pH 3.2 with 0.17 M oxalic acid (C2H2O4) 

6 (Poulton and 
Canfield, 2005) 

6 Pyrite  Concentrated nitric acid (15.9 M HNO3) 4 (Claff et al., 2010) 

a The applied times for sediment in which the particle size is not uniform were determined in a reaction equilibrium time study (Figure 4.4)

39 
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Figure 4.4 Equilibrium time in each extraction reaction for the non-milled sediment 
with a nonuniform particle size was determined in time studies. Two samples were 
collected and run through the six-step SE. The equilibrium time (h) as a function of Fe 
concentration (mg/kg) with double measurements are reported and compared to the 
theoretical time from the literature (see Table 4.4). 
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much as 21%, thereby effectively improving Fe extraction in the core samples. The six-

step SE with modified extraction times included: 

Step 1: To extract the exchangeable trace metals, which includes adsorbed Fe2+ in the 
sediment, 1 M CaCl2 or MgCl2 solution was added to sediment at pH 7 (Heron et al., 
1994; Tessier et al., 1979) and the extraction time was extended from 1 to 3 h (14% 
improvement in recovery).  
 
Step 2: Fe carbonate siderite (FeCO3(s)) was extracted with sodium acetate 
(NaCH3COOH, referred to as NaAc) (Tessier et al., 1979). Poulton and Canfield (2005) 
reported NaAc at pH 4.5 can effectively target siderite; however, the extraction is not 
complete for highly crystalline structures. In this study, siderite was extracted by 1 M 
NaAc at pH 4.5 and the extraction time was extended from 24 h to 40 h (10% 
improvement in recovery). In this step, a fraction of mackinawite is dissolved as well 
(Zhu et al., 2016). 
 
Step 3: 1 M hydrochloric acid (HCl) was used to extract > 99% poorly crystalline Fe 
sulfides (e.g., mackinawite (FeS)) (Cooper and Morse, 1998), 40-67% of greigite (Fe3S4) 
(Cornwell and Morse, 1987), and (92-98%) the amorphous mineral ferrihydrite 
(Fe2O3⋅0.5(H2O)) (Claff et al., 2010) with an extension of time from 4 to 11 h (21% 
improvement for recovery). 
 
Step 4: Reducible Fe (oxyhydr)oxides (i.e., goethite (α-FeOOH), lepidocrocite (γ-
FeOOH), and hematite (Fe2O3)) were extracted with 0.29 M sodium dithionite 
(Na2S2O4) at pH 4.8 (buffered with 0.35 M acetic acid and 0.2 M sodium citrate) 
(Poulton and Canfield, 2005) with an extension of time from 2 to 7 h (14% 
improvement in recovery). 
 
Step 5: The extraction for Fe (II/III) mineral magnetite (Fe3O4) was conducted for 6 h 
(no additional time was needed) with 0.2 M ammonium oxalate at pH 3.2 and buffered 
with 0.17 M oxalic acid (Phillips and Lovley, 1987; Poulton and Canfield, 2005). 
 
Step 6: Pyrite was extracted with concentrated HNO3 at a room temperature for 4 h 
instead of the 2 h reported in literature (Claff et al., 2010). 
 

4.9 Simulated Groundwater 

Analytical grade chemicals (Certified ACS) used in this study included 1,4-

dichlorobenzene (C6H4Cl2, 99%), tetrachloroethylene (PCE, >99.5%), 

trichloroethylene (TCE, >99%), hydrochloric acid (HCl, 37.3%), methanol (CH4O, 

99.9%), tris(hydroxymethyl)aminomethane (C4H11NO3, 99.8%), sodium sulfate 

(Na2SO4, 99.9%), sodium bicarbonate (NaHCO3, 100.3%), sodium chlorate (NaCl, 

100.4%), magnesium chlorate (MgCl2, 99.8%), and calcium chlorate (CaCl2. 100.5%); 
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they were purchased from Thermo Fisher Scientific. Concentrations of dominant ions 

were measured in the groundwater with a Multi-Level Sampling (MLS) system 

adjacent to the location of the core (Table 4.5). Dominant ion contributions were used 

to simulate groundwater conditions: Na+ for alkali metal ions, Ca2+ and Mg2+ for 

alkaline earth metal ions, and Cl- for the halogen ions. In addition, given their presence 

in groundwater, other anions included SO42- (due to its abundance) and HCO3- with the 

presence of the carbonate system. MINEQL+ (version 5.0) was used to simulate the 

groundwater chemistry, ionic strength, and charge balance (Schecher and McAvoy, 

2001); results were compared to the original groundwater charge balance. The 

simulated waters for the three RTZs were used in this study (Table 4.6).  

Abiotic degradation processes of PCE and TCE have been widely studied in the 

laboratory with synthesized Fe(II) sulfide minerals from pH 7 to 9 (Butler and Hayes, 

1999a; Kim et al., 2013; Liang et al., 2007b). Given the reaction rate increased with 

increasing pH, PCE and TCE studies were conducted at pH 9. Although abiotic 

degradation of 1,4-DCB with reduced iron minerals has not been specifically studied, 

the degradation of γ-HCH has been, with 1,4-DCB being the primary byproduct in the 

process (Liu et al., 2003). Liu et al. (2003) reported the reaction rate at pH 8.3 was 

greater than that at pH at 6.9. Badea et al. (2021) studied dehalogenation of γ-HCH by 

nano-FeS from pH 2 to 11, where the reaction rate again increased with pH. As a result, 

pH 9 was selected in the bench-scale study for three COCs (1,4-DCB, PCE, and TCE). 

Tris(hydroxymethyl)-aminomethane and hydrochloric acid (Tris-HCl) buffer solution 

was used to maintain a constant pH. 
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Table 4.5 Ion Concentrations in Groundwater Samples 
Upper Zone Zone 1 Zone 3 

Species Concentration 
(mol/L) Species Concentration 

(mol/L) Species Concentration 
(mol/L) 

SO42- 6.84× 10-4 SO42- 1.36× 10-3 SO42- 3.96× 10-3 

Na+ 6.36× 10-3 Na+ 1.44× 10-2 Na+ 1.44× 10-2 

K+ 2.73× 10-4 K+ 2.65× 10-4 K+ 3.00× 10-4 

Mn2+ 1.63× 10-5 Mn2+ 4.96× 10-5 Mn2+ 9.74× 10-5 

Mg2+ 7.96× 10-4 Mg2+ 8.40× 10-4 Mg2+ 2.47× 10-3 

F- 1.34× 10-4 Cl- 5.58× 10-3 Fe2+ 1.75× 10-3 

Cl- 5.73× 10-3 Ca2+ 1.49× 10-3 Cl- 1.71× 10-2 

Ca2+ 1.99× 10-3 HCO3- 1.12× 10-2 Ca2+ 1.81× 10-3 

HCO3- 5.09× 10-3   HCO3- 8.69× 10-4 
Charge 
balance 
error 0.34% 

Charge 
balance 
error 0.19% 

Charge 
balance 
error 2.02% 

Source: AECOM, (2016). Analytical and wellhead data collected at the multi-port samplers at the DSA 
high-density sampling test array at the Chambers Works Site (secure server). 

Table 4.6 Ion Concentrations in Simulated Groundwater 
Upper Zone (GW1) Zone 1 (GW2) Zone 3 (GW3) 

Species Concentration 
(mol/L) Species Concentration 

(mol/L) Species Concentration 
(mol/L) 

SO42- 6.84× 10-4 SO42- 1.36× 10-3 SO42- 3.96× 10-3 
Na+ 6.63× 10-3 Na+ 1.47× 10-2 Na+ 1.47× 10-2 
Cl- 5.86× 10-3 Cl- 5.58× 10-3 Cl- 1.71× 10-2 

Ca2+ 1.99× 10-3 Ca2+ 1.49× 10-3 Ca2+ 1.81× 10-3 
Mg2+ 8.12× 10-4 Mg2+ 8.90× 10-4 Mg2+ 4.32× 10-3 
HCO3- 5.09× 10-3 HCO3- 1.12× 10-2 HCO3- 8.69× 10-4 
Charge 
balance 
error 0.34% 

Charge 
balance 
error 0.19% 

Charge 
balance 
error 2.02% 
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4.10 Batch Studies of Chlorinated Solvents Degradation 

Three types of sample groups were used in this study:  

A Blank Group without minerals or sediments but with the same groundwater 
conditions and COC;  
 
Two control groups using siderite and pyrite minerals that include the pure mineral, 
groundwater condition, and the COC;  
 
Sediments from the Upper Zone, Zone 1, and Zone 3 with the associated groundwater 
and COCs.  

The standard solutions of benzene (C6H6), mono-chlorobenzene (C6H5Cl), 1,4-

dichlorobenzene (C6H4Cl2), PCE, TCE, chloroacetylene, 1,1-dichloroethylene (1,1-

DCE), 1,2-dichloroethylene (cis-DCE) and vinyl chloride (VC) for gas chromatography 

measurements were purchased from Restek. The bench-scale experiments for studying 

abiotic dehalogenation of each COC (i.e., 1,4-DCB, PCE, and TCE) were conducted in 

a glovebox; the method used is a modification from Schaefer et al. (2018a). In the 1,4-

DCB study, approximately 38 ml of simulated groundwater and sediment (targeting 3 

g L-1 of Fe(II) concentration) were added to each amber 40-ml borosilicate vial with 

PTFE Mininert valve caps (Thermo Scientific) and sealed with PTFE tape. Each reactor 

was filled without headspace for GC analyses with the aqueous sample. 1,4-DCB 

solution was added to each amber vial with a PTFE gastight glass syringe and an initial 

concentration of 30 mg L-1. In PCE and TCE studies (Table 4.7) an initial concentration 

of 20-30 mg L-1 was applied and 5 ml of headspace in each 40 ml vial remained for gas-

phase analyses. All reactors were orbitally shaken at 400 rpm for turbulent conditions 

(Appendix B). In the 1,4-DCB, PCE, and TCE studies, sample periods were extended 

to 138 h, 68 h, and 68 h, respectively. After the last sample collection, sample vials 

were centrifuged (1000 rpm for 1 hour) to remove the aqueous phase and methanol was 

added for VOC extraction from the sediment (EPA 5035a (2002)). 
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The aqueous phase concentrations of 1,4-DCB, chlorobenzene, and benzene 

were determined following EPA Methods (5030C (U.S.EPA, 2003) and 502.2 

(U.S.EPA, 1995)). Samples (0.01 ml) were collected from each 40 ml vials, diluted 

with DI water, and filtered for analysis (U.S.EPA, 1995). Samples were injected into 

Tekmar LSC2 for 12 minutes, purged with a N2 flow of 40 ml/min, trapped on a 

Carbopack B/Carboxen 1000 & 1001 trap (Supelco) at room temperature, and then 

desorbed at 250 oC for 6 minutes. The GC (Varian 3400) was equipped with Restek 

column (105 m× 0.53 mm × 3.0 µm Rtx-502.2) and PID (hydrogen pressure 11.0 psi; 

temperature program: initial 40 oC hold for 2 minutes with an increase to 240oC at 

8oC/min and held for 5 minutes). The retention time for each sample was 28 minutes. 

The column temperature was raised to 260 oC for 4 minutes between each sample. The 

total concentration of 1,4-DCB was based on aqueous and sediment extraction. 

In PCE and TCE studies, the gas phase sample (10 µL) was collected from each 

40 ml reactor with a gastight syringe following EPA 5021A (U.S.EPA, 2014) Method. 

Samples were manually injected into GC (Hewlett Packard 6890) equipped with Restek 

fused silica column (30 m×0.25 mm×0.25 µm) and MS (Agilent 5973). Six compounds 

analyzed included PCE, TCE, chloroacetylene, 1,1-dichloroethylene (1,1-DCE), 1,2- 

dichloroethylene (cis-DCE), and vinyl chloride (VC) and were quantified with an MSD 

ChemStation E.02.01.117 (Agilent Technologies). Acetylene and reduced gases (e.g., 

ethene and ethane) were qualified with ion chromatograph extraction (Smoluch et al., 

2019) . Aqueous concentrations were calculated based on Henry’s law (20oC) (Table 

S1). Concentrations reported the pseudo-first-order kinetic model has been frequently 

used to characterize iron-mediated degradation of contaminants reduction (Johnson et 

al., 1996). At a constant pH, the rate expression for dechlorination of COC is expected 

to follow a second-order rate expression in Equation (4.1):   
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Table 4.7 Initial Concentrations of Experimental Groups 
Group Initial 

Sediment 
weight (g) 

Iron Mineral Concentration (g/L) Total Fe(II) 
Concentration 
with SE (g/L) 

Mackinawite 
(FeS) 

Pyrite
(FeS2) 

Siderite 
(FeCO

3
) 

Magnetite 
(Fe

3
O

4
)   

Pyrite 0.1 NA 2.57 NA NA NA  

Siderite 0.19 NA NA 4.75 NA NA 

Upper 
Zone 

7.3 1.18 1.10 0.65 2.28 2.68 

Zone 1a 4.7 0.19 2.07 1.15 2.78 2.99 

Zone 1b 3 0.73 1.88 1.00 1.08 2.35 

Zone 3 10.23 1.23 0.97 8.55 0.55 5.64 

NA=no applicable 
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- d[COC]
dt

=k1[Iron Mineral][COC]   (4.1) 

where k1 is the second-order rate constant (L g-1 h-1)), and [Iron Mineral] (g L-1) and 

[COC] (g L-1) are the concentrations of Fe mineral coatings and COC, respectively. 

Because the concentrations of reactive Fe minerals are much greater than the COC 

concentration, the rate expression is treated as pseudo-first order in Equation (4.2): 

- d[COC]
dt

=𝑘𝑘1
′[COC]                            (4.2) 

where 𝑘𝑘1
′ is the pseudo-first order rate constant (h-1). Four dominant Fe(II) mineral 

coatings were found in RTZs sediment: mackinawite (FeS), pyrite (FeS2), siderite 

(FeCO3), and magnetite (Fe3O4). Each reactive iron mineral coating contributes to the 

dechlorination process, and hence the rate expression can be written as Equation (4.3): 

𝑘𝑘1
′ = 𝑘𝑘(𝐹𝐹𝐹𝐹𝐹𝐹)[𝐹𝐹𝑒𝑒𝐹𝐹] + 𝑘𝑘(𝐹𝐹𝐹𝐹𝐹𝐹2)[𝐹𝐹𝑒𝑒𝐹𝐹2] + 𝑘𝑘(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3)[𝐹𝐹𝑒𝑒𝑅𝑅𝑂𝑂3] + 𝑘𝑘(𝐹𝐹𝐹𝐹3𝐹𝐹4)[𝐹𝐹𝑒𝑒3𝑂𝑂4]  (4.3) 

where 𝑘𝑘(𝐹𝐹𝐹𝐹𝐹𝐹), 𝑘𝑘(𝐹𝐹𝐹𝐹𝐹𝐹2), 𝑘𝑘(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3), and 𝑘𝑘(𝐹𝐹𝐹𝐹3𝐹𝐹4) are the forward second order rate constants 

(L g-1 h-1)); and [FeS], [FeS2], [FeCO3], and [Fe3O4] are the concentrations (g L-1) of Fe 

mineral coatings in the system. In the four RTZs sediments, four pseudo-first order 

reaction rate constants were observed based on Equation (4.2); the second-order rate 

constants (based on the mass) of dominant Fe(II) mineral coatings can be determined 

through Equation (4.3). 
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CHAPTER 5 

CHARACTERIZING THE REDUCTION-OXIDATION TRANSITION ZONES 
OF A SITE WITH HISTORICAL CONTAMINATION 

 

In this section, results from profile analyses were instrumental in determining redox 

transition zones in the 18.3-m anoxic core sediment. The gradients from geochemical 

data correlated with dominant bacteria supporting the Fe cycling expected in 

contaminated systems.  

5.1 Screening Analyses 

Elemental concentrations in the sediment help to resolve the composition of bulk and 

mineral coatings and are an indicator of mineral coating precipitation and dissolution 

which highlighted the potential transition zones. In the discussion below, correlating 

sediment composition with other characteristics including sediment ORP, pH, abundant 

bacteria, and TVOCs, the resulting gradients helped to resolve redox transition zones.  

 

5.1.1 Dominant Element 

Dominant element (atomic number >12) concentrations in sediment (Figure 5.1) 

included silicon, iron, aluminum, phosphorus, titanium, and sulfur. Silicon was the 

most abundant. The second most abundant element observed in the sediment was Fe, 

which was extensively used at the site. Sulfur, abundant from the use of sulfuric acid, 

was another important raw material used extensively. Additionally, phosphorus 

compounds were among the raw materials used on site (Dupont, 2006). As a result, P 

concentrations were relatively constant with depth, with one exception being the 17.69 

m to 19.52 m DBS interval where P concentrations increased from 3,508 mg/kg to 

18,629 mg/kg. Interestingly, Ti trended similarly with Al throughout the 18.3 m core,  
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Figure 5.1 Dominant elements from X-ray fluorescence spectrometry (XRF) analysis 
as function of depth in the 18.3-meter core [left axis: elevation to the sea level (in 
NAVD 88 system) (m); right axis: depth below surface (m)]. Aquifer and aquitard 
information are shown as well. 
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which may due to both Al and Ti being associated with bulk minerals such as albite, 

muscovite and feldspars. 

Gradients in Fe and S concentrations are important in identifying redox 

transition zones. As a function of DBS, increases in sediment S concentration over 

several orders of magnitude together with corresponding increases in Fe concentration 

suggest precipitation of Fe sulfide minerals in a reduced environment (Figure 5.1). On 

the other hand, in an oxidized environment, increasing S may suggest the presence of 

sulfate minerals, such as gypsum. Concentrations observed of both Ca and S 

demonstrate saturation of gypsum at 10.07 to 10.22 (m) DBS, 11.44 to 11.59 (m) and 

13.58 to 13.73 (m) (Appendix C). While the elevated Fe and S concentrations reflect 

the reactive mineral coatings present as well potentially bulk mineralogy, their 

gradients in subsamples of the 18.3 m core are evidence of the redox transition zones 

(Figure 5.1). Fe gradients reflect cycling of the reactive Fe mineral coatings in redox 

transition zones. As the redox condition becomes more reduced and Fe(III) transforms 

to Fe(II), the latter species will undergo dissolution owing to the greater solubility of 

ferrous versus ferric minerals (Diakonov et al., 1999). Moreover, when S is present, 

sulfate-reducing conditions result in its transformation to a range of reduced-sulfur 

intermediates, including sulfide. Fe(II) sulfide minerals are sparingly soluble, resulting 

in increased concentrations of sulfide associated with sediments (Rickard and Luther, 

2007). The solubility of Fe(II) in siderite (FeCO3) is greater than that in mackinawite 

(FeS) (Bénézeth et al., 2009). Therefore, gradients in Fe concentrations will be 

observed when the system becomes more reduced and Fe(II) dissolution occurs. With 

sulfate-reducing conditions (and in the presence of S species), S and Fe concentrations 

associated with the solids (sediments) will increase because of Fe sulfide precipitation 
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(Canfield et al., 1992; Ford et al., 1997; Noël et al., 2014; Qafoku et al., 2009). Overall, 

gradients in Fe and S concentrations are important in identifying redox transition zones.  

Fe and S concentrations demonstrate several significant gradients (p < 0.05) 

throughout the 18.3 m profile (Figure 5.2). At shallower depths [DBS: 3.97 m – 4.58 m 

(Upper Zone) and 6.41 m – 7.32 m (Zone 1)] where Fe and S concentrations increase, 

precipitation of iron sulfide minerals is expected. From 9.46 m to 11.48 m DBS, Fe 

levels decrease by an order of magnitude, and when coupled with lower S 

concentrations in the sediment, Fe(II)-mineral dissolution is expected. Under this 

condition, Fe(II) carbonate (siderite) and Fe(II)/(III) minerals such as magnetite are 

potential mineral coatings in the zone. Between the D-Aquifer and D-E Clay, the Fe 

concentration gradient spans an order of magnitude over a 0.61 m interval corroborating 

the need for a more detailed analysis of surface coating composition, Fe speciation, 

mineralogy, and morphology ((Hua et al., 2020)). 

 

5.1.2 Sediment Redox Potential (ORP) 

Sediment redox potential (ORP) revealed several significant zones of gradients over the 

depth of the 18.3-meter core (Figure 5.2). Gradients were observed in ORP data ranging 

from a low of -200 mV to a high of +700 mV, coinciding with regions where sediment 

Fe and S concentration gradients were also observed. These conditions are likely a 

result of both abiotic and biotic processes as well as dissolved O2 via groundwater flow. 

In the redox transition zones (DBS: 9.46 m -10.68 m and 14.95 m -15.25 m), as the 

sediment ORP decreases as a function of depth and the condition becomes more 

reducing, dissolution of Fe(II) will lower the sediment Fe concentration, which is 

expected at lower S concentrations (< 1,000 ppm). Under sulfate-reducing conditions 

(e.g., indicated by presence of OTUs matching to known genera of sulfate-reducing 
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Figure 5.2 Profiles of sediment pH, sediment oxidization-reduction potential (ORP) 
(mV), photoionization detector (PID) reading reported as chlorobenzene (ppm), and Fe 
and S concentrations (mg/kg) from X-ray fluorescence spectrometry (XRF) analyses. 
The left axis shows elevation (m) and the lithology; the right axis gives depth below 
surface (m). Five redox transition zones highlighted in blue are identified based on the 
data. 
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bacteria and low ORP), S concentrations increased in the sediment and precipitation of 

sparingly soluble Fe sulfide minerals is expected (DBS: 6.41 m -7.32 m). From 6.71 m 

to 7.02 m (DBS), although the ORP increases from -63 mV to +136 mV, still reflecting 

an overall reduced environment, Fe and S concentrations increase in the sediment; Fe 

sulfide minerals are expected to dominate. Similar conditions of increasing ORP are 

observed at a DBS of 14.64 m to 14.95 m where siderite and magnetite are also expected 

to be dominant in the sediment. While the redox potential for a pure or well-defined 

mineral phase can be determined through mediated electrochemical analyses (Gorski et 

al., 2012b; Hoving et al., 2017), in a complex system such as a sediment where there 

are multiple reactive mineral coatings, the redox potential between the sample and the 

working electrode is likely dynamic and not at equilibrium (Gorski et al., 2012a). In 

addition, the measured ORP is likely a mixed potential reflecting the reactive (Fe) 

minerals coatings present. 

 

5.1.3 Sediment pH 

Sediment pH ranged from 3.8 to 8 with several gradients throughout the 18.3-meter 

(Figure 5.2). At depths where Fe and S concentration gradients were found (i.e., 3.32 – 

4.58 m, 6.41 m – 7.02 m, and 9.46 m – 10.68 m DBS), these potential redox transition 

zones are in circumneutral pH environments. Generally, the observed pH conditions 

were conducive to conditions required by observed associated bacteria. For example, 

pH 6 to 8 is conducive for the Fe-reducing bacteria Geobacter which is likely abundant 

at DBS 3.05 m to 13.12 m (Schwertmann and Fitzpatrick, 1993; Straub et al., 2001). 

Several gradients in sediment pH were observed at the deeper depths, where clay lenses 

are found. Over the course of site operations, over 700 products were produced; sulfuric 

acid was used throughout its history. As a result, contaminants including acids may   
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Figure 5.3 pH-Eh diagram for Fe-CO2-S-H2O system (25oC; 100 bars; 1 mol/kg of Fe; 
10-3 mol/kg of S; 10-3 mol/kg of C; E0 vs. SHE) (modeled with Geochemist’s 
Workbench 13)1. Fe and S concentrations depicted in the model are representative of 
sediment samples with these element concentrations. 
1Bethke, Craig M. Geochemical and biogeochemical reaction modeling. Cambridge University Press, 
2007. 
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accumulate in aquitard layers reducing sediment pH. At a mineral-aqueous interface, 

biogenically reduced Fe(II) and Fe(II) sulfide minerals (e.g., pyrite and mackinawite) 

may exist in less reduced environments (Eh ranges -450 mV to -250 mV) under acidic 

to neutral conditions (pH ranging from 4 to 8) compared to a more alkaline condition 

(Ning et al., 2013). At higher potentials, the thermodynamically stable Fe minerals 

hematite and magnetite, for example, and metastable ferrihydrite could be expected to 

precipitate as well in the anaerobic core over a pH ranging from 3.8 to 8 (Figure 5.3). 

In identifying redox transition zones, although sediment pH is not a direct indicator, the 

conditions resolve whether the environments support related (a)biotic processes (see in 

5.1.4 Abundant Bacteria).  

 

5.1.4 PID Measurements 

PID measurements were collected for each 5.08 cm sample headspace (Figure 5.2). 

Elevated TVOC concentrations (reported as chlorobenzene) indicate contamination of 

sediment and what may be locations for potential (a)biotic degradation. However, 

nondetectable concentrations (DBS: 3.97 m -4.58 m and 18.91 m -20.13 m) may also 

suggest that degradation is active and an important process as well. In addition, 

nondetectable concentrations in the deepest samples from the core may indicate 

contaminants are not present. Using molecular results on the abundance of Fe and/or S 

reducing bacteria can support additional evidence of redox transition zones. 

 

5.1.5 Abundant Bacteria 

Abundant bacteria in the sediment are another important indicator of redox transition 

zones. Although we cannot exclude the impact of less abundant bacteria on overall 

processes, in several zones, certain OTUs made up ≥ 30% of OTUs that support 
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Figure 5.4 Aquifer, aquitard, and general matrix information from the Geo-log, Fe 
and S concentration (mg/kg) from XRF analysis, and abundant bacteria from 16S 
rRNA sequencing analyses. 
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theorized redox conditions in these locations. Five abundant OTUs observed 

throughout the 18.3-meter core matched up to 80% to the genera Stenotrophomonas, 

Desulfosporosinus, Geobacter, Acidovorax, and Methylobacterium (Figure 5.4 and 

Appendix D). At DBS 3.97 m to 5.49 m and 7.02 m to 8.85 m, OTUs matching to 

Stenotrophomonas were the most abundant (56% of OTUs). Palleroni and Bradbury 

(1993) classified the Stenotrophomonas genus and today there are more than 10 specie 

reported. For example, Stenotrophomonas maltophilia MK2 is a facultative anaerobic 

bacterium isolated from a hydrocarbon-fed microbial electrochemical remediation 

system (MERS) that demonstrates hydrocarbonoclastic behavior for petroleum 

hydrocarbon (Venkidusamy and Megharaj, 2016). S. maltophilia strain C6 can utilize 

phenanthrene as a sole source for carbon and energy, degrading it to benzocoumarin 

(Gao et al., 2013). Other species in the genus of Stenotrophomonas have been found to 

be degraders of acenaphthylene, phenanthrene, 4-chloroanilines, and chlorocatechol 

(Andreoni et al., 2004; Nayak et al., 2009; Radianingtyas et al., 2003). On the other 

hand, Stenotrophomonas sp. with siderophores can transfer Fe3+ to Fe2+ (Jurkevitch et 

al., 1992). At DBS 3.97 m – 8.85 m, abundant OTUs match to genera 

Stenotrophomonas (56% of OTUs) and Methylobacterium (30% of OTUs); the 

Methylobacterium was also among the most dominant bacteria (30% of OTUs) at DBS 

19.22 m to 20.13 m. Methylobacterium sp. have been found to degrade phenol 

(Khongkhaem et al., 2011), dichloromethane (Yu et al., 2017), N,N-

dimethylformamide (Lu et al., 2019), and polycyclic aromatic hydrocarbons (PAHs) 

(Andreoni et al., 2004). Abundance of these organisms at DBS 3.97 m to 4.58 m and 

19.22 m to 20.13 m could indicate active degradation zones because TVOC 

concentrations in the headspace were below the detection limit of the PID. Although 

this study did not directly measure the activity of the organisms, the bacteria genera 
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correlated with geochemical results can contribute to evidence in delineating redox 

transition zones. 

At DBS 6.40 m to 7.02 m and 11.29 m to 15.25 m, OTUs matching to 

Desulfosporosinus were most abundant (67% of OTUs) in the sediment. 

Desulfosporosinus (at the genus level) was proposed as a sulfate-reducing bacteria in 

1997 (Stackebrandt et al., 1997) and has been found in a PAH-contaminated (shallow) 

aquifer (Robertson et al., 2000), in an arsenic-contaminated groundwater (Zhang et al., 

2017), and at a uranium disposal site (Bondici et al., 2016). Desulfosporosinus sp. strain 

GBSRB4.2 identified from an acid mine drainage system was observed with Fe(II) and 

Fe(III) minerals such as greigite (Fe3S4) (Bertel et al., 2012b).  

From DBS 9.46 m to 10.68 m, an OTU closely related to Geobacter is most 

abundant at a maximum of 58% OTUs. Given the lower concentrations (<1,000 ppm) 

of S compared to Fe (>10,000 ppm), reduction of Fe is expected to result in its 

dissolution to Fe2+(aq) resulting in a lower Fe concentration associated with the sediment. 

The Fe-reducer Geobacter have the ability to consume energy from organic compounds 

using Fe(III) as the electron acceptor and are important organisms in the subsurface 

environment (Lovley, 1991). Biogenic Fe(II) minerals formed by Geobacter have also 

been found to play a role in the abiotic degradation of benzene (Anderson et al., 1998), 

Hg-methylation degradation (Kerin et al., 2006), and in transformation of dissolved 

U(VI) to sparingly soluble U(IV) such as UO2 (Holmes et al., 2002). With Fe(III)-

citrate as the electron acceptor and acetate as the electron donor at pH 7, vivianite 

(Fe(II)3(PO4)2·8H2O) was observed; when ferrihydrite was the electron acceptor, 

magnetite was found (Islam et al., 2005). With S present at concentrations (<1,000 ppm) 

an order of magnitude from less than Fe (>10,000 ppm) at DBS from 9.46 m to 10.68 
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m, the Fe(II) mineral siderite (FeCO3) and the Fe(II)/(III) mineral magnetite (Fe3O4) 

are expected to be dominant.  

At DBS 11.29 m to 15.25 m, the most abundant OTU (64% of total) is closely 

related to the genus Acidovorax. Acidovorax sp., are facultative bacteria, and are known 

degraders of PAHs (Eriksson et al., 2003) and poly(3-hydroxybutyrate) (Mergaert et 

al., 1993). Additionally, Acidovorax sp. strain BoFeN1 plays a role in reducing nitrate 

and oxidizing Fe(II) (Klueglein et al., 2014). At DBS 14.64 m to 14.95 m, Fe(III) 

minerals (e.g., goethite, hematite) may be forming to some extent in the presence of 

Acidovorax. From 14.95 m to 15.25 m (DBS), with a change in abundant bacteria to an 

OTU with similarity to Desulfosporosinus, a sulfate reducer, a more reduced 

environment is observed. At DBS 14.95 m to 15.25 m, decreased Fe concentrations and 

ORP measurements (Figure 5.2) revealed gradients indicative of a reduced environment 

as well. Therefore, at DBS 14.64 m to 15.25 m, dominant mineral coatings may range 

from oxidized Fe(III) minerals (e.g., goethite, hematite) in the shallowest part of the 

zone to reduced Fe(II) and Fe (II/III) minerals (e.g., siderite, magnetite) deeper in the 

zone. Surface coating mineralogy in transition zones is probed in other detail analysis 

(Hua et al., 2020).  

 

5.2 The Redox Transition Zones 

In summary, five redox transition zones were delineated based on gradients observed 

in Fe and S concentrations, the presence of abundant bacteria that correlated with Fe 

and S gradients, sediment ORP gradients, and to a lesser extent TVOC of sediment 

headspace (Figure 5.2 and Table 5.1): 

Upper Zone (DBS: 3.97 m – 4.58 m; B-Aquifer with clay lenses) 

Zone 1 (DBS: 6.41 m – 7.02 m; interface of B-C Clay and C-Aquifer) 



 
 

 

Table 5.1. Summary Table of Screening Parameters in Five Redox Transition Zones 
Identification 
(Depth below the 
surface (m))  

pH  
(range) 

ORP 
Readings 
(mV) 

Highest PID 
Reading as 
chloro-benzene 
(ppm) 

Fe Concentration 
(1000 ppm) 

S Concentration 
(1000 ppm) 

Abundant Bacteria 

Min. Max. Ave. Min. Max. Ave. 

Upper Zone 
(3.97 – 4.58) 

6.38 - 
7.38 

+76.1 -  
+538.6 

Below detection 
limit 

13.8 22.7 18.0 0.81 6.93 2.54 Stenotrophomonas 
Methylobacterium 
Desulfosporosinus 
Acidovorax 

Zone 1 
(6.41 – 7.02) 

6.34 - 
7.45 

-63.5 – 
 +136 

3.3 29.4  54.0 38.2 0.67 5.90 3.39 Desulfosporosinus 
Methylobacterium 
Stenotrophmonas 

Zone 2 
(9.46 – 10.68) 

5.98 - 
7.27 

-78.2 – 
+80.3 

4.6 8.7 54.0 26.0 0.52 0.77 0.59 Geobacter 
Methylobacterium 
Desulfosporosinus 

Zone 3 
(14.64 – 15.25) 

4.87 – 
7.94 

-108.6 - 
+233.8 

9.6 3.6 93.1 27.1 0.44 0.70 0.53 Desulfosporosinus 
Acidovorax 

Lower Zone 
(18.91 – 20.13) 

3.74 - 
6.91 

-69.2 -  
+340 

Below detection 
limit 

3.67 42.2 16.1 0.36 1.32 0.61 Methylobacterium 
Stenotrophomonas 
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Zone 2 (DBS: 9.46 m – 10.68 m; interface of C-Aquifer and D-Aquifer) 

Zone 3 (DBS: 14.64 m – 15.25 m; interface of D-Aquifer to D-E Clay) 

Lower Zone (DBS: 18.91 m – 20.13 m; D-E Clay with silty sand layers) 

Zones 1, 2, and 3 developed at the aquifer-aquitard interface, while the Upper Zone is 

an aquifer with clay lenses and the Lower Zone is an aquitard with a silty sand layer. 

This result suggests that this interface plays potentially an important role in the 

development of these redox transition zones. 

Upper Zone is located in the B-Aquifer with clay lenses (DBS 3.97 m - 4.58 m). 

The ORP ranges from a low of +76.1 mV to a high of +538.6 mV with a number of 

gradients in this 0.61-meter interval (Figure 5.2). The ORP at the shallowest depth is 

indicative of a reduced environment but then increases and decreases over a 400 mV 

range. Based on the O2 concentration of sediment in the headspace (Figure 4.2), sharp 

gradients of sediment ORP may be driven by infiltration of rainwater into this 

shallowest aquifer. From 4.27 m to 4.58 m DBS, sediment Fe and S concentrations 

increase by as much as 20,000 ppm where metastable Fe sulfide minerals are expected 

to be abundant (Hua et al., 2020). The presence of Stenotrophomonas (degrader for 

petroleum hydrocarbons (Venkidusamy and Megharaj, 2016) and 4-chloroaniline 

(Radianingtyas et al., 2003)) and Methylobacterium (degrader for polycyclic aromatic 

hydrocarbons (PAHs) (Andreoni et al., 2004) and dichloromethane (Muller et al., 2011)) 

together with low TVOC concentrations suggest biotic degradation may be important 

(Figure 5.5). Stenotrophomonas is a facultative bacteria that has a high tolerance for 

variable oxygen concentrations compared to Fe- and S-reducing bacteria. In a reduced 

environment, Fe sulfide minerals such as pyrite (FeS), mackinawite (FeS2), and greigite 

(Fe3S4) are expected to play an important role in dehalogenation. 
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.  
Figure 5.5 Potential cycling between Fe/S ion, microorganism, and chlorinated 
contaminants in the three redox transition zones: (a) Upper Zone, (b) Zone 1, and (c) 
Zone 2, where Fe(II) and Fe(II)/(III) mineral coatings are expected. 
  



 
 

 63 

Zone 1 falls within the transition region between the B-C Clay and the C-Aquifer 

(Figure 5.4). Increasing Fe and S concentrations in the sediment were observed from 

DBS 6.41 m to 6.71 m where ORP also decreased (from 85.4 mV to -14.7 mV), 

resulting in the likely precipitation of Fe sulfide minerals. The presence of 

Desulfosporosinus (sulfate-reducing bacteria) based on OTUs further supports an 

anerobic environment (Figure 5.4). Given the gradient in TVOC concentrations along 

with elevated COC concentrations from MLS groundwater analyses (e.g., 170 mg/L 

aniline and 1,900 mg/L nitrobenzene (Figure 2.1)), degradation is expected. At 6.71 m 

to 7.02 m DBS, sediment ORP increases slightly from a more-reduced to a less-reduced 

environment. The Fe concentration in sediment increases, while the S concentration 

decreases. In this zone, Fe sulfide minerals may transform to Fe(II)/(III) minerals such 

as magnetite (Fe3O4) and greigite (Figure 5.5) 

Zone 2 (DBS 9.46 m to 10.68 m) is delineated based on significant gradients (p 

< 0.05) observed using complementary analyses (Figure 5.2). Fe decreased over one 

order of magnitude at lower S concentrations while ORP readings were less than 0 mV, 

indicative of a reduced environment with Fe(II) minerals. The most abundant bacterial 

OTU is closely related to Geobacter, which suggests the cycling of Fe(III) to Fe(II) 

minerals. Reduced-iron mineral coatings such as siderite (FeCO3) and the Fe(II)/(III) 

mineral magnetite (Fe3O4) are expected. Given the gradient in TVOC concentration, 

abiotic degradation may be an important process in this zone (Figure 5.5).  

Zone 3 (DBS 14.64 m to 15.25 m) is located in the transition region from D-

Aquifer to the D-E Clay aquitard where COCs accumulate (Figure 5.4). At DBS 14.64 

m to 14.95 m, the Fe concentration is increasing (Figure 5.2) and is coupled with an 

increasing ORP from -108 mV to +234 mV. With S concentrations orders of magnitude 

lower than those of Fe, possible mineral coatings may include Fe(II)/(III) minerals, 
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magnetite and green rust (Fe2+4.5Mg1.5Fe3+2(OH)18•4(H2O)), and Fe (III) oxyhydroxide 

minerals (e.g., goethite (α-FeOOH), hematite (Fe2O3), and lepidocrocite (γ-FeOOH)). 

Acidovorax was an abundant OTU in this zone and is a known degrader of 

chlorobenzenes (Monferrán et al., 2005) and PAHs (Eriksson et al., 2003; Mergaert et 

al., 1993). In the deeper part of the zone (DBS: 14.95 m to 15.25 m), Fe concentrations 

and ORP (+234 mV to -45 mV) decreased, indicating precipitation of Fe(II) minerals 

such as magnetite and siderite (given the lower S concentrations). TVOC 

concentrations ranged from below detection limit to 7.6 ppm, indicating a potentially 

contaminated area with degradation.  

Lower Zone at 8.91 m to 20.13 m is located in the D-E Clay phase with reddish 

and grey color. Unique from other aquitard areas, the PID readings are below the 

detection limit in this zone. From DBS 18.91 m to 19.52 m, pH ranged from 6 to 8 and 

ORP increased from -100 mV to +200 mV. S concentrations decreased as well, while 

Fe concentrations increased. At DBS 19.52 m to 19.83 m, S concentrations increased 

and Fe concentrations decreased with an ORP suggestive of a reduced and acidic (pH 

as low as 3.8) environment. Fe sulfide minerals are expected at this depth. At a deeper 

depth (DBS 19.83 m -20.13 m), Fe concentrations increased at lower S concentrations 

and an ORP ranging from +200 mV to +380 mV. Reactive Fe minerals may range from 

Fe(III) minerals (e.g., magnetite, hematite) to the reduced Fe sulfide minerals (e.g., 

pyrite and mackinawite). The reddish clay is indicative of the presence of Fe. Given the 

abundance of Methylobacterium (degrader of dichloromethane (Muller et al., 2011) and 

PAHs (Andreoni et al., 2004)) along with sediment pH, sediment ORP, and low TVOC 

concentrations, (a)biotic degradation may be occurring. 
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5.3 Summary 

The methodology in this study demonstrates a systematic approach for identifying 

redox transition zones. An 18.3-meter anoxic core was collected where the redox 

condition of the sediment was preserved during the collection, transportation, sampling, 

and analytical processes. Screening analyses of a total of 225 (5.08 cm) subsamples 

provided a continuous biogeochemical profile as a function of depth for sediment ORP, 

sediment pH, Fe and S concentrations, TVOC concentration in the headspace, and 

abundant bacterial genera. Over the core’s length, gradients were observed in sediment 

pH, sediment ORP, and Fe and S concentrations. The Fe and S gradients correlated with 

the presence of Fe and S reducing bacteria. For example, S concentrations peaked in 

the Upper Zone and Zone 1 where Desulfosporosinus was abundant, suggesting 

precipitation of iron sulfide minerals. In Zone 2, Fe concentrations decreased where 

Geobacter was abundant, resulting in potentially Fe reduction, dissolution, and 

precipitation of minerals with increased solubility compared to the Fe(III) minerals. 

Using complementary geochemical and microbial data, five redox transition zones were 

delineated. Reduced iron sulfide mineral coatings are expected in the Upper Zone, Zone 

1, and the Lower Zone where both elevated concentrations and gradients were observed 

for Fe and S. In Zone 2, given abundant bacteria and Fe gradients, Fe(II) and Fe(II)/(III) 

minerals are expected to be the dominant coatings. Finally, Zone 3 revealed a 

significant gradient in Fe concentration along with a reduced ORP, reflecting a reduced 

environment. Interestingly, Zones 1, 2, and 3 developed at the aquifer-aquitard interface, 

while the Upper Zone is an aquifer with clay lenses and the Lower Zone is an aquitard 

with a silty sand layer. The results suggest that these interfaces potentially play an 

important role in the development of redox transition zones, where there is an 

intersection of mineral coatings, contaminants, and groundwater inputs.   
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CHAPTER 6 

ASSESSING REACRTIVE IRON MINERAL COATINGS IN REDOX 
TRANSITION ZONES WITH SEQUENTAIL EXTRACTION 

 

Analytical results from a six-step sequential extraction process have been used to isolate 

and qualify the reactive Fe mineral phases in four RTZs; a vertical profile of the 

distribution of reactive Fe mineral coatings as a function of depth is evaluated. The 

sample resolution of 5.06 cm sample interval was applied and correlated with other 

analyses including the abundant bacteria (discussed in the Chapter 5). This study helps 

to resolve the forms of reactive Fe mineral coatings, their concentrations needed for 

studying abiotic attenuation, and correlations with bacteria in the RTZs where natural 

attenuation is expected to be significant. 

 

6.1 Distribution of Reactive Fe Mineral Coatings in Redox Transition Zones 

From the six-step SE process, reactive Fe mineral coatings in sediments from the four 

RTZs were extracted, including ion exchangeable Fe2+, Fe carbonate siderite, 

amorphous iron minerals (i.e., mackinawite, ferrihydrite, and 40-67% of greigite), Fe 

(oxyhydr)oxide (i.e., goethite, lepidocrocite, and hematite), Fe(II/III) magnetite, and 

crystalline Fe sulfide pyrite (Figures 6.1 and 6.2). In the Upper Zone (Figure 6.1) (DBS: 

3.96 to 4.52 m), ion exchangeable Fe2+ ranged from 97 to 345 mg/kg throughout the 

depth. From 3.96 to 4.12 m DBS, the shallowest depth of the Upper Zone, siderite 

increased from 1,065 to 1,466 mg/kg. Amorphous Fe mineral coatings, including 

mackinawite and greigite, increased from 518 to 2,421 mg/kg while pyrite decreased 

from 4,636 to 1,055 mg/kg at the same depth. The dominant reduced form of Fe sulfide 

transitioned from the thermodynamically stable crystalline pyrite to metastable 

mackinawite. At this shallower depth, Fe (oxyhydr)oxide declined from 5,512 to 1,782
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Figure 6.1 Fe concentrations (mg/kg) from the six-step SE (left) compared with 
XRD-defined Fe mineral coatings* (right) in Upper Zone (3.96 to 4.57 m DBS) and 
Zone 1 (6.40 to 6.96 m DBS). Fe mineral coatings characterized by FESEM/EDX* 
from these two RTZs (top) include: (A) framboidal greigite and pyrite, (B) greigite, 
(C) mackinawite, and (D) pyrite. 
Source: FESEM/EDX images and XRD results of Fe mineral coatings in RTZs are reported by Hua, 
H., Yin, X., Dyer, J.A., Landis, R., Axe, L., 2020. Characterizing reactive iron mineral coatings in 
redox transition zones. ACS Earth and Space Chemistry. 4(12), 2337–2346.  
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Figure 6.2 Fe concentrations (mg/kg) from SE in Zone 2 (9.45 to 10.46 m DBS) and 
Zone 3 (14.63 to 15.24 m DBS) are presented at left, along with characterized Fe 
mineral coatings (XRD)* at right. Fe(III) mineral coatings* including (E) goethite 
(needle shape), ferrihydrite (irregular spherical shape), and lepidocrocite (scale or 
tablet shape) and (F) hematite were identified by FESEM/DEX (top). 
Source: XRD and FESEM/EDX results are reported by Hua, H., Yin, X., Fennell, D., Dyer, J.A, Landis, 
R., Morgan, S.A., Axe, L., 2021. Roles of reactive iron mineral coatings in natural attenuation in redox 
transition zones preserved from a site with historical contamination. Journal of Hazardous Materials. 
420: 126600. 
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mg/kg with magnetite ranging from 1,584 to 1,958 mg/kg. The decrease in Fe(III) 

minerals accompanied with an increase in Fe(II) mineral coatings demonstrates a more 

reduced environment at a deeper depths within this transition zone. Midway into the 

Upper Zone (DBS: 4.12 to 4.22 m), total Fe concentrations increased by one order of 

magnitude to 20,223 mg/kg and this trend is consistent with XRF results. At this depth, 

an increase in Fe(II) and Fe(II/III) mineral coatings indicated a reduced environment. 

Amorphous Fe minerals, including metastable mackinawite and greigite, are higher in 

concentration than pyrite. Framboidal greigite and pyrite have been observed by 

FESEM/EDX analyses at the same depth (Figure 6.1) (Hua et al., 2020). Additionally, 

Fe(II/III) magnetite was observed as a dominant mineral with concentrations increasing 

from 1,958 to 7,037 mg/kg; this mineral coating was also found with XRD.(Hua et al., 

2020) At greater depth in the Upper Zone (DBS from 4.22 to 4.52 m), concentrations 

of reactive iron mineral coatings decreased; The percentage of extracted Fe(II) minerals 

(siderite, amorphous mackinawite, greigite, and pyrite) to total extracted Fe (Figure 6.3) 

ranged from 45% to 55%. These Fe(II) minerals were also found with XRD.(Hua et al., 

2020) Overall, the dominant reactive Fe mineral coatings in the Upper Zone include 

amorphous and crystalline Fe sulfides along with Fe(II/III) magnetite. He et al.(2015) 

summarized a trend for abiotic degradation of chlorinated solvents with reactive iron 

minerals: mackinawite > zero-valent Fe > pyrite > sorbed Fe2+ > green rust = magnetite. 

Given the abundance of amorphous Fe sulfide mineral coatings, this RTZ is expected 

to play an important role in the abiotic degradation of contaminants. 

In Zone 1 (DBS: 6.35 to 6.91 m), both reduced and oxidized Fe mineral coatings 

were extracted throughout the zone. However, the total concentration of Fe via SE is 

from 10 to 45% higher than the concentration measured with XRF (Figure 6.1). This 

result may be attributed to the rinse between each extraction step and the uncertainty  
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Figure 6.3 Distribution of Fe minerals in total extracted Fe (%) in sediment from the 
four redox transition zones. 
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associated with extractions, which is reported to range from 10 to 30% (Rodgers et al., 

2015). Ion exchangeable Fe2+ was found at concentrations less than 377 mg/kg, while 

siderite ranged from 3,135 to 10,860 mg/kg without a clear trend. Pyrite, on the other 

hand, accounted for 20 to 30% (8,224 to 14,797 mg/kg) of the total concentration of Fe 

mineral coatings. Compared to the other three RTZs, the highest concentration of pyrite 

was observed in Zone 1. Reduced Fe mineral forms, siderite and pyrite, indicate a 

reduced environment in this RTZ. Amorphous minerals present included mackinawite 

and greigite (Posfai et al., 1998; Zhang et al., 2021a) and increased from 1,040 to 10,980 

mg/kg as a function of depth. Although ferric mineral coatings ranged from 9,582 to 

16,697 mg/kg in the sediment, the fraction of ferric minerals to the total extracted Fe 

decreased from 20% to 30% between 6.55 and 6.91 m DBS (Figure 6.3). Additionally, 

contributions from magnetite increased from 15 to 28% at this same depth. Reduced Fe 

minerals mackinawite and greigite increased with increasing depth along with Fe(II/IIII) 

magnetite, whereas the concentrations of Fe(III) (oxyhydr)oxide minerals decreased; 

this trend reveals a more reduced environment at greater depth in Zone 1. Consistent 

with SE, pyrite and magnetite were detected by XRD throughout most of this zone (Hua 

et al., 2020). Dominant reactive Fe mineral coatings in Zone 1 include magnetite and 

pyrite with the latter clearly attributed to the presence of sulfate-reducing bacteria 

Desulfosporosinus genera (Figure 5.4) as discussed below in Section 6.2. 

In Zone 2 (Figure 6.2), between 9.45 and 10.46 m DBS, total Fe concentrations 

decreased dramatically compared to the Upper Zone and Zone 1; the total extracted is 

consistent with XRF results. At the shallower depth (9.45 to 9.70 m DBS), siderite 

increased from 2,612 to 7,105 mg/kg as a function of depth, suggesting a reduced 

condition. Fe sulfide mineral coatings (amorphous and crystalline) declined from 28 to 

8% (Figure 6.3) with pyrite contributions making up approximately 10%. Amorphous 
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Fe sulfide mineral coatings initially increased at shallower depths in this zone (9.45 to 

9.60 m DBS), but then sharply declined to 317 mg/kg from 9.60 to 9.75 m DBS. Fe 

sulfide mineral coatings were detected by XRD analyses as well (Hua et al., 2020). The 

Fe(III) (oxyhydr)oxide minerals (15%) and Fe(II/III) mineral coatings (50%) 

dominated (Figure 4) at shallower depth (9.45 to 9.60 m DBS). From 9.60 to 9.75 m 

DBS, the proportion of Fe(III) (oxyhydr)oxide dropped to 2% given the more reduced 

environment where Fe(II/III) contributions increased to 69%. Approximately midway 

into Zone 2 (DBS: 9.75 – 10.06 m), total Fe concentrations in the sediments decreased; 

Fe mineral coating contributions are consistent (Figure 6.2). Deeper in Zone 2 (DBS: 

10.06 – 10.36 m), total Fe concentrations declined from 36,611 to 11,911 mg/kg, and 

given that Fe(III) (oxyhydr)oxide contributions dropped by two orders of magnitude, a 

highly reduced environment is observed. However, Fe(II) minerals were detected at 

relatively low concentrations and the dominant Fe mineral coating is Fe(II/III) 

magnetite. Overall, Zone 2 is reduced and magnetite is the dominant reactive Fe mineral 

coating throughout the RTZ. 

The variability in Fe species in Zone 3 between 14.63 and 15.24 m DBS was 

dramatic (Figure 6.2). Ion exchangeable Fe2+ ranged from 119 to 724 mg/kg (Figure 

6.1), making up 0.2 to 14% of the total extracted Fe concentration, respectively (Figure 

6.3). Generally, ion exchangeable contributions are found to be less than 2% of total Fe 

concentrations in sediment (Emmerson et al., 2000; Flyhammar, 1998). Zone 3 is 

located at the interface of the D-Aquifer and D-E Clay, where clay lenses weakly adsorb 

Fe2+. Total Fe concentrations increased at shallower depths (DBS: 14.63 – 14.78 m) 

and then declined from 14.78 to 14.94 m (DBS); Fe(III) (oxyhydr)oxide decreased from 

1,885 to 102 mg/kg, suggesting potentially a more reduced environment with increasing 

depth given that Fe (II/III) mineral magnetite also increased from 651 to 23,905 mg/kg 
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(Figure 6.2) and then sharply decreased by an order of magnitude. Two trends were 

revealed: magnetite and siderite contributions increased from 28 to 85% and 1 to 10% 

of total Fe, respectively. Midway through Zone 3 (DBS: 14.94 – 15.04 m), Fe(III) 

(oxyhydr)oxide increased two orders of magnitude from 102 to 36,900 mg/kg where 

siderite (<3%), magnetite (<3%), and Fe(III) (oxyhydr)oxide (<20%) were found with 

XRD (Hua et al., 2020). This increase attributed to Fe(III) is consistent with total Fe 

concentrations using XRF analyses over this 0.1 m sample interval. The proportion of 

siderite, amorphous Fe mineral coatings, and magnetite fell to less than 15%, while 

pyrite increased from below detection limit to approximately 20% of the total mineral 

coatings. The presence of sulfate-reducing bacteria at this depth helps to explain its 

presence (Figure 5.4). At greater depth in Zone 3 (DBS: 15.04 – 15.24 m) where the 

dominant Fe mineral coatings shifted to siderite and magnetite, Fe(III) (oxyhydr)oxide 

minerals decreased, which is consistent with XRD analyses (Hua et al., 2020). Pyrite 

decreased as well by over an order of magnitude where increasing contributions of 

amorphous Fe mineral coatings and siderite were observed. Overall, reduced Fe mineral 

coatings dominated deeper in Zone 3, which is consistent with a reduced environment.  

6.2 Potential Fe Cycling with Abundant Bacteria 

In our previous study (Yin et al., 2021), 16S rRNA gene sequencing revealed five 

abundant Operational Taxonomic Units (OTUs), which matched up to the genera 

Stenotrophomonas, Desulfosporosinus, Geobacter, Acidovorax, and Methylobacterium 

(Figure 5.4). These bacteria are important in Fe cycling in the four RTZs. 

Stenotrophomonas, a facultative anaerobic bacteria, reduces Fe(III) to Fe(II) (Ivanov et 

al., 2005). Biogenic Fe(II) has been found with S. maltophilia BK in broad ranges, for 

example, in sludges of water treatment plant,(Ivanov et al., 2005) on roots of bean plant 

grown in alkaline soil (Valencia-Cantero et al., 2007), in sediments in acid mine 
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drainage (Gao et al., 2019), and on the surface of magnetite nanoparticles used to treat 

ciprofloxacin (Yang et al., 2017). In our core sediments, Stenotrophomonas was the 

most abundant genera in the shallower Upper Zone. As a facultative bacteria, 

Stenotrophomonas has a greater tolerance to O2 (possibly from the surface) compared 

to other anaerobic bacteria. In the Upper Zone where Fe(III) (oxyhydr)oxides decreased 

with depth, Stenotrophomonas bacteria contributes to Fe(III) reduction. 

The sulfate-reducing bacteria Desulfosporosinus is found under anaerobic 

conditions and is responsible for precipitation of amorphous Fe sulfide mackinawite, 

pyrite, and greigite (Bertel et al., 2012a). In sediments with elevated Fe and S 

concentrations, such as in Zone 1 and portions of the Upper Zone and Zone 3, sulfate 

and Fe(III) (oxyhydr)oxides are two abundant and important terminal electron accepters. 

The reduction of Fe(III) (oxyhydr)oxides follows two pathways: one is enzymatic 

reduction by Fe(III)-reducing bacteria (i.e., Geobacter, Stenotrophomonas) (Equations 

6.1 and 6.2) (Dos Santos Afonso and Stumm, 1992; Zachara et al., 2002), and another 

is the redox reaction with biogenic H2S generated by sulfate-reducing bacteria 

(Equations 6.3 and 6.4) (Bao et al., 2018; Ikkert et al., 2013; Poulton et al., 2004). Fe-

reducing bacteria can reduce Fe(III) (oxyhydr)oxides and promote mineral dissolution 

(Jones et al., 2006). On the other hand, these Fe2+ sulfide minerals precipitate directly 

in the presence of Desulfosporosinus sp. strain GBSRB4.2 to form metastable 

mackinawite (Equation 6.5) initially, which then undergoes transformation to greigite 

at neutral pH (Bertel et al., 2012a). In zero-valent-Fe-based permeable reactive barriers, 

mackinawite and green rust were dominant minerals where Desulfosporosinus was 

abundant (Kumar et al., 2016). Moreover, reduction of Fe(III) (oxyhydr)oxides 

(Equations 1 to 4) is an H+-consuming reaction. The pH in Zone 1, from the previous 
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screening results (Yin et al., 2021), increased from 6 to 7.5 (Figure 5.4), suggesting this 

biogeochemical cycling process can be attributed to this shift: 

4𝐹𝐹𝑒𝑒(𝑂𝑂𝐻𝐻)3(𝑠𝑠) + 𝑅𝑅𝐻𝐻2𝑂𝑂 + 8𝐻𝐻+ → 4𝐹𝐹𝑒𝑒2+ + 𝑅𝑅𝑂𝑂2 + 11𝐻𝐻2𝑂𝑂                       (6.1) 

4𝐹𝐹𝑒𝑒(𝑂𝑂𝐻𝐻)3(𝑠𝑠) + 𝑅𝑅𝐻𝐻3𝑅𝑅𝐻𝐻𝑂𝑂𝐻𝐻𝑅𝑅𝑂𝑂𝑂𝑂− + 7𝐻𝐻+ → 4𝐹𝐹𝑒𝑒2+ + 𝑅𝑅𝐻𝐻3𝑅𝑅𝑂𝑂𝑂𝑂− + 

𝐻𝐻𝑅𝑅𝑂𝑂3− + 10𝐻𝐻2𝑂𝑂                                                    (6.2) 

𝐹𝐹𝑂𝑂42− + 2𝑅𝑅𝐻𝐻2𝑂𝑂 + 𝐻𝐻+ → 𝐻𝐻2𝐹𝐹 + 2𝑅𝑅𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂                               (6.3) 

2𝐹𝐹𝑒𝑒(𝑂𝑂𝐻𝐻)3(𝑠𝑠) + 𝐻𝐻2𝐹𝐹 + 4𝐻𝐻+ → 2𝐹𝐹𝑒𝑒2+ + 𝐹𝐹0 + 6𝐻𝐻2𝑂𝑂                           (6.4) 

𝐹𝐹𝑒𝑒2+ + 𝐻𝐻2𝐹𝐹 → 𝐹𝐹𝑒𝑒𝐹𝐹(𝑠𝑠) + 2𝐻𝐻+                                             (6.5) 

Geobacter, an anaerobic iron-reducing bacteria, commonly exists in sediment 

systems. Biogenic Fe(II) produced by Geobacter is found to play an important role in 

contaminant degradation: aromatics (i.e., benzene (Zhang et al., 2014), nitrobenzene 

(Lu et al., 2021)), heavy metals (i.e., Hg-methylation (Kerin et al., 2006)), and 

radioactive waste (e.g., reduced U(VI) to U(IV) (Wilkins et al., 2006)). As the most 

abundant bacteria in Zone 2, magnetite was the dominant mineral throughout the RTZ. 

These results are consistent with the transformation of lepidocrocite and ferrihydrite to 

magnetite in the presence of Geobacter under anaerobic conditions (Mejia et al., 2016).  

Acidovorax is a nitrate-reducing bacteria and has been reported in Fe(II) 

enzymatic reactions where, for example, mackinawite was oxidized to Fe(III) 

(oxyhydr)oxides (Lu et al., 2020), and green rust formed in Fe(II) oxidation with 

Acidovorax sp. strain BoFeN1 (Klueglein and Kappler, 2013; Pantke et al., 2012). In 

our sediment core, Acidovorax was observed in the Upper Zone and was abundant 

elsewhere in the core outside of the RTZs. Methylobacterium is another bacteria found 

in the core that commonly utilizes methane as the energy source. A unique 

Methylobacterium-like thermo-acidophilic bacteria was isolated in Yellowstone 

National Park and worked in oxidizing Fe in an Fe-rich environment (Johnson et al., 
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2003). However, the relationship between Methylobacterium and Fe minerals is unclear 

due to limited studies. 

6.3 Summary 

The speciation and concentration of reactive Fe mineral coatings in four RTZs of a 

sediment core were evaluated with a modified six-step SE process. In the shallowest 

RTZ, the Upper Zone, a sandy aquifer with clay lenses, amorphous and crystalline Fe 

sulfide mineral coatings exceeded 40% of the total Fe present. Dominant iron sulfide 

minerals included amorphous mackinawite and greigite along with thermodynamically 

stable pyrite, consistent with a reduced environment. In the presence of sulfate-reducing 

bacteria, Zone 1 displayed the highest concentrations of Fe and, specifically, crystalline 

Fe sulfide pyrite when compared to the other three RTZs studied. The abundance of Fe 

sulfide mineral coatings in the Upper Zone and Zone 1 is expected to support abiotic 

attenuation of chlorinated solvents present at the site. In Zone 2, where mineral coatings 

include pyrite, siderite, magnetite, and Fe (oxyhydr)oxides, the Fe(III) (oxyhydr)oxides 

transformed to the reduced-Fe mineral coatings, magnetite and siderite, in the presence 

of the Fe-reducing bacteria Geobacter. In Zone 2, magnetite was the dominant Fe 

mineral coating. In Zone 3, the transformation between Fe(III) and Fe(II/III) is 

significant, indicating a reduced environment. Reactive iron mineral coatings in RTZs 

supports evidence of (a)biotic processes in natural attenuation. 
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CHAPTER 7 

KINETICS STUDIES OF 1,4-DICHLOROBENZENE, 
TETRACHLOROETHYLENE, AND TRICHLOROETHYLENE WITH 

NATURAL REACTIVE IRON MINERALS FROM REDOX TRANSITION 
ZONES 

 

In this section, reaction kinetics for the degradation of 1,4-DCB, PCE, and TCE are 

evaluated in bench studies with reactive iron minerals in sediments from redox 

transition zones. It is the first study to the best of our knowledge that focuses on 

evaluating the abiotic dechlorination processes of chlorinated ethene and benzene in the 

presence of natural Fe(II) mineral nano-coatings. This study helps in resolving the 

contributions of different forms of reactive Fe mineral coatings in abiotic attenuation. 

 

7.1 COC Degradation with RTZ Sediments 

7.1.1 Reductive 1,4-DCB Dechlorination 

1,4-DCB is one of the most frequently detected COC from the area around the core. 

The experiment was conducted with one blank group, two standard mineral groups 

(control), and four sediments groups from RTZs under anaerobic conditions with 

simulated groundwater. In the blank group (Figure 7.1A), the concentration of 1,4-DCB 

was constant, indicating no loss due to volatilization or adsorption on the glass vial over 

97 hours. There was no reduction of 1,4-DCB in the standards pyrite and siderite, 

suggesting dechlorination processes could not be observed during the period of the 

study (Figure 7.1A).  

In the four sediment groups, approximately 20% reduction of 1,4-DCB was 

measured over 140 h with the presence of CB and BZ adsorbed in the sediment (Figure 

7.2). These two byproducts are reported in other abiotic/biotic studies under anaerobic 

conditions as well (Lawrence, 2006; Liang et al., 2011) (Figure 7.3). Two chlorides on 
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Figure 7.1 Reductive dechlorination of 1,4-DCB studies. (A) The concentration of 1,4-
DCB (mg/L) versus time in blank, standard pyrite, and standard siderite were consistent 
over 97 h. Natural logarithm values of 1,4-DCB concentration versus time of Upper 
Zone, Zone 1 and Zone 3 were plotted in (B), (C), and (D), respectively. The natural 
logarithm value of 1,4-DCB and time is linear with a good fit. 
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Figure 7.2 Concentration of 1,4-DCB, CB, and BZ in four sediment groups versus 
time (h). 
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Figure 7.3 Potential reductive dehalogenation for 1,4-DCB (right) and chlorinated 
ethenes (left) with reactive iron mineral coatings was summarized.1,2 These abiotic 
processes included reductive elimination and hydrogenolysis. 
Source: 1. Degredation pathway and byproducts for chlorinated ethenes are summarized from He, Y.; 
Wilson, J.; Su, C.; Wilkin, R., Review of Abiotic Degradation of Chlorinated Solvents by Reactive Iron 
Minerals in Aquifers. Groundwater Monitoring & Remediation 2015, 35, (3), 57-75. 
2. Dechlorination mechanisms for 1,4-DCB are cited from Liang, X.; Howlett, M. R.; Nelson, J. L.; 
Grant, G.; Dworatzek, S.; Lacrampe-Couloume, G.; Zinder, S. H.; Edwards, E. A.; Sherwood Lollar, 
B., Pathway-Dependent Isotope Fractionation during Aerobic and Anaerobic Degradation of 
Monochlorobenzene and 1,2,4-Trichlorobenzene. Environmental Science & Technology 2011, 45, (19), 
8321-8327. 
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the benzene ring were sequentially replaced with hydrogen through hydrogenolysis. 

Because there was no addition of nutrients or carbon to the system, microbial activities 

are expected to be negligible with the abiotic dechlorination process being dominant. 

However, accumulation of CB and BZ were not observed as a function of time in 

aqueous and sediment, which is a challenge in the mass recovery. One possible reason 

is the low concentrations of byproducts. During the experiment, it is difficult to measure 

low concentrations of CB and BZ in the aqueous phase given adsorption to the sediment. 

In the last step for VOC extraction from sediment, loss may be due to opening the cap 

to remove water and add methanol. Another reason for the poor VOC recovery is that 

methanol cannot entirely extract the COC from sediments with clay lenses (DiStefano 

et al., 2016). Although the loss of byproduct is difficult for resolving mass recovery, 

the presence of CB and BZ in the system is strong evidence for abiotic dechlorination 

of 1,4-DCB. 

The pseudo-first order model (Figure 7.1B, 7.1C, and 7.1D) reveals good fits 

for the sediment groups. Following Eq. (4.1), the pseudo-first order reaction rate 

constants (𝑘𝑘1
′) for the four sediments groups are in the same order of magnitude, 

ranging from (2.54 ± 0.46) × 10-3 to (3.10 ± 0.45) × 10-3 h-1; the greatest reaction rate 

constant was observed in the Zone 3 sediment (Table 7.1). The time to achieve 90% 

dehalogenation of 1,4-DCB in the RTZ sediments ranged from 31 to 37 days. 

 

7.1.2 Potential Mechanism for 1,4-DCB Dechlorination  

In control groups, during the time period of the studies, pyrite and siderite did not 

reduce 1,4-DCB. Reducing chlorinated benzene in contact with crystalline Fe minerals, 

such as crystalline ZVI (Plagentz et al., 2006) and microscale iron particles (<10 μm, 

0.9 m2 g-1) (Xu and Zhang, 2000), has been found to be negligible as well over the   



 
 

 82 

Table 7.1 Observed Pseudo-First-Order Reaction Rate Constants of 1,4-DCB, PCE, 
and TCE with Sediment Samples Collected from Four Redox Transition Zones. 

Groups k’ (h-1) R2 
50% 
Degradation 
(h) 

90% 
Degradation 
(d) 

1,4-
DCB 

Upper Zone (2.92 ± 0.60) × 10-3 0.75 237 32 

Zone 1a (2.97 ± 0.39) × 10-3 0.88 233 32 

Zone 1b (2.54 ± 0.46) × 10-3 0.79 272 37 

Zone 3 (3.10 ± 0.45) × 10-3 0.85 223 31 

PCE 

Upper Zone (3.66 ± 0.26) × 10
-3

 0.97 189 26 

Zone 1a (4.00 ± 0.74) × 10
-3

 0.85 174 24 

Zone 1b (2.72 ± 0.35) × 10
-3

 0.92 254 35 

Zone 3 (2.68 ± 0.59) × 10
-3

 0.80 258 35 

TCE 

Upper Zone (2.45 ± 0.41) × 10
-3

 0.88 283 39 

Zone 1a (3.63 ± 0.18) × 10
-3

 0.98 191 26 

Zone 1b (2.89 ± 0.45) × 10
-3

 0.89 240 33 

Zone 3 (2.67 ± 0.28) × 10
-3

 0.95 260 36 
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period of the study. In our work, we hypothesize that Fe(II) nano-mineral coatings in 

the sediment have significant activity. Although abiotic reductive dechlorination of  

1,4-DCB has not been investigated with iron sulfide minerals, dechlorination of long-

chain chlorinated benzenes has been studied (Elliott et al., 2009; Liu et al., 2003; Nie 

et al., 2013; Xu and Zhang, 2000). Fe bimetallic system attracted attention in 

chlorinated solvents degradation that utilized the galvanic cell to enhance the 

dechlorination processes (Quiton et al., 2021). Coupling Fe with less reactive metals 

(e.g., Pb, Ag, and Cu) catalyzed the efficiency of Fe oxidation, which enhanced the 

process of dechlorination (Cao et al., 2011; Wan et al., 2010; Xu and Zhang, 2000). Xu 

and Zhang (2000) studied the dechlorination of γ-HCH by ZVI/Ag particles where 1,4-

DCB was one of the byproducts. They reported the concentration of γ-HCH was 

reduced to below the detection after four days. Increasing the Ag concentration on the 

Fe surface promoted Fe oxidation and extended dechlorination (Xu and Zhang, 2000). 

Similarly, micro-size Fe particles with metallic Pb was found to dechlorinate γ-HCH 

following pseudo-first-order kinetics with the greatest rate constant of 0.0321 min-1 at 

85oC (Nie et al., 2013). Interestingly, when Fe is coupled with more active metals, such 

as Al, the metal with higher hydrogen over-potential serves as the electron source, was 

reported to prevent precipitation of Fe corrosion products (e.g., magnetite and hematite 

(Fe2O3)) (Nidheesh et al., 2018). These ZVI/Al bimetallic systems have not been 

studied with chlorinated benzenes; however, these systems have been reported to 

exhibit high reactivity in the degradation of CCl4 (Chen et al., 2008), 

dichlorodiphenyltrichloroethane (DDT) (Ulucan-Altuntas and Debik, 2020), and TCE 

(Xu et al., 2018).  In another study, Liu et al. (2003) reported synthesized amorphous 

Fe sulfide mackinawite contributed to γ-HCH dechlorination following a pseudo-first 

order model. At a circumneutral pH, the half-life for γ-HCH dechlorination was 
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approximately 55 days. Nanoscale ZVI (nZVI) (Elliott et al., 2009) was observed to be 

responsible for the γ-HCH degradation under anaerobic conditions without maintaining 

a constant pH. The reaction was best fit with a pseudo-first order decay and a rate 

constant of 0.138 h-1 ([nZVI]=0.39 g L-1), where the pH increased from 6.31 to 9.07 in 

30 hours. As a result, Fe minerals with large surface areas and coupled with other metals 

on the mineral surface may improve dechlorination. 

In our analysis (Yin et al., 2021), the composition of the sediment was screened 

with XRF; metals included Cu (below detection limit to 30 mg kg-1) and Al (between 

1,928 to 40,380 mg kg-1) in the RTZ sediment; however, not in their metallic form. The 

abundant Al minerals in the sediment may occur with the Fe minerals and serve as 

potential electron donors for Fe3+ to Fe2+ cycling in the groundwater. Based on the Fe(II) 

coating mineralogy and morphology (Hua et al., 2020), the nano-coatings present as 

framboidal greigite and pyrite (Figure 1) revealed spherical framboids of greigite, cubic 

structures of mackinawite, flaky aggregates of mackinawite, and subpentagonal 

pyrrhotite. These distinct Fe(II) mineral morphologies were abundant in the Upper 

Zone and Zone 1 sediments. Given the nature of sediment and its inherent variability 

and heterogeneity, we would expect differences in the pseudo-first-order rate constants 

between our study others such as the nZVI study of Elliot et al. (2009) Importantly, the 

Fe(II) mineral nano-coatings from the RTZs sediment contributed to 1,4-DCB 

dechlorination through abiotic reductive processes. 

 

7.1.3 Reductive PCE and TCE Dechlorination 

Under anaerobic conditions, experiments on PCE and TCE degradation were conducted 

with a blank, control, and four RTZ sediments. The recovery in the TCE and PCE 

studies was greater than 85% in the blank group, indicating no observable loss over the 
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course of the study (Figures 7.4 and 7.5). For PCE, degradation was observed in both 

control groups as well as the four sediment groups and followed pseudo-first order 

reaction kinetics (Figures 7.4 and 7.6). The reaction rate constants (𝑘𝑘1
′ ) for PCE 

degradation with the pure minerals (control groups) are consistent with the constants 

found with the RTZ sediments given the errors. 90% removal of PCE ranged from 26 

to 35 days (Table 7.1). The reaction rate constants observed in our studies are greater 

than constants reported earlier for Fe-rich sediment systems (Appendix E). In the Fe(II)-

clay mineral (smectite) system (Entwistle et al., 2019; Nzengung et al., 2001), PCE 

degradation was poorly fit pseudo-first-order reaction. 17% PCE degradation was 

observed after 100 days with Fe(II) amended- smectite clay mineral (Entwistle et al., 

2019). PCE was transformed to acetylene, butane, ethene, and/or propane in an Fe-rich 

clay sediment under anaerobic conditions (Schaefer et al., 2017); the greatest reaction 

rate revealed 90% degradation at 55oC requiring theoretically over 400 years. On the 

other hand, the reaction rate constants in our study are consistent with work with an Fe-

rich microbial system (Chen et al., 2021; Ma and Wu, 2008). PCE degradation in a 

ZVI-microbial system followed pseudo-first order kinetics with 90 % removal achieved 

at 12 days (Ma and Wu, 2008). Magnetic nanoparticles enriched with bacteria degraded 

PCE with rate constants ranging from (2.38 ± 0.29) × 10-3 to (1.34 ± 0.05) × 10-2 h−1 

where 90% removal requires 7 to 40 days (Chen et al., 2021). However, compared to 

our work, PCE degradation has been reported to be more rapid with other pure mineral 

systems as well as with bacteria. For example, green rust (with bone char) rapidly 

removed 99% PCE over 48 h (reaction rate: 0.22 ± 0.02 h-1) (Ai et al., 2019). Suarez 

and Rifai (1999) reviewed 138 studies on PCE biodegradation and found the median 

decay coefficient rate was 0.04 h-1 (90% removal in 3 days). 
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Figure 7.4 Reductive dechlorination of PCE in blank and control groups. No reduction of 
PCE was observed in the blank group as a function of time (h). The degradation of PCE in 
standard pyrite and siderite groups followed pseudo-first-order reaction.  
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Figure 7.5 Reductive dechlorination of TCE in blank and control groups. No reduction of 
PCE was observed in the blank group as a function of time (h). The degradation of TCE in 
standard pyrite and siderite groups followed pseudo-first-order reaction.
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Figure 7.6 Natural logarithm values of PCE concentration versus time (h) of Upper Zone, 
Zone 1 and Zone 3 sediments were plotted. Regression results show the degradation fit 
pseudo-first-order reaction. 
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In the TCE study, a pseudo-first-order model for both control and RTZ sediments resulted 

in good fits (Figures 7.5 and 7.7). The rate constants for the four sediment groups studied 

were the same order of magnitude: resulting in 90% degradation over 39 days. RTZ 

sediments revealed efficient TCE degradation rates compared to other studies with 

sediments (Schaefer et al., 2017; Schaefer et al., 2015) (Appendix F). For example, 

Schaefer et al. (2017) reported TCE degradation at 18.8 ± 0.04 × 10− 8 h-1 (20oC) (90% 

degradation requiring more than 1,000 years) with anaerobic sediment in the presence of 

Fe clay minerals. In rock matrix with Fe(II) sulfide minerals (Schaefer et al., 2013), TCE 

was reduced to acetylene, ethene, and/or ethane with the reaction rate constants ranging 

from 3.0 × 10–6 to 1.5 × 10–4 h–1 (90% degradation requiring 2 to 90 years). In a clayey soil 

system with nano-ZVI (Katsenovich and Miralles-Wilhelm, 2009), TCE degradation was 

observed to require 10 to 46 days to achieve 90% degradation. However, TCE degradation 

was observed at a greater rate in a pure mineral system, where Weerasooriya and 

Dharmasena (2001) found TCE transformation to acetylene (90% removal time is 2 days; 

pH at 8.9) with pyrite (2 m2 L-1).  Similarly, pyrite reduced TCE to acetylene, cis-DCE, 

1,1-DCE at pH 7.2 with a 90% removal in 15 days (He et al., 2010). 

Byproducts were not detected at measurable concentrations in the sample 

headspace, which is most likely due to the low concentrations present in the gas phase 

(Appendix G). During the experiment, it is difficult to measure low concentrations of the 

byproducts given adsorption to the sediment. In the last step for VOC extraction from 

sediment, loss may be due to opening the cap for removing water and adding methanol. 

Furthermore, methanol cannot entirely extract VOC from the clay matrix (DiStefano et al., 

2016). To overcome these limitations, possible experiment modifications may include  
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Figure 7.7 Natural logarithm values of TCE concentration versus time (h) of four 
sediments from RTZs, were plotted and fit the pseudo-first-order model. 
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increasing the initial concentration significantly and extending the reaction time to capture 

byproducts in the headspace.  

Degradation of PCE and TCE follows four potential pathways: reductive 

elimination, hydrogenolysis, dehydrohalogenation, and hydrolysis (He et al., 2015). For 

chlorinated ethenes, degradation through abiotic reductive processes have been proposed 

to follow two pathways (Figure 7.3): 1) reductive elimination (De Wildeman and 

Verstraete, 2003), and 2) hydrogenolysis (Holliger et al., 2003). In PCE and TCE 

degradation, reductive β-elimination was attributed as the primary pathway with Fe(II) 

minerals where acetylene as the dominant byproduct (Choi et al., 2010; Lee and Batchelor, 

2002a; Liang et al., 2007b) and ethene was the final product formed by acetylene 

hydrogenation (Liang et al., 2007b; Liang et al., 2009). Hydrogenolysis pathway generally 

is found in biotic processes for PCE and TCE dechlorination. In some studies (Butler and 

Hayes, 2001; Jeong et al., 2007; Lee and Batchelor, 2002a; Liang et al., 2007b), the 

detection of cis-DCE and 1,1-DCE, indicates that hydrogenolysis is a minor pathway. 

 

7.2 Reaction Rate Constant of Dominant Fe(II) Mineral Nano-Coatings 

The dominant Fe(II) mineral coatings, mackinawite, pyrite, siderite, and magnetite, were 

detected in the RTZ sediments. Second-order reaction rate constants (normalized by mass) 

were calculated using Eq. (4.3) (Tables 7.2). Generally, the rate constants of iron-mediated 

reactions were reported based on the mineral surface area (He et al., 2015). However, given 

the complexity of sediment and the nano-coatings that form, surface area measurements 

could not be determined (Kocur et al., 2020; Schaefer et al., 2021). Fe sulfides 

(mackinawite, pyrite), siderite, magnetite from the RTZ sediments, were responsible for   
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Table 7.2 Calculated Second-Order Reaction Rate Constants (Bass on Mass) of 1,4-
DCB, PCE, and TCE Studies  

Groups   

Second order reaction rate constant (L/(g·h)) 

Mackinawite Pyrite Siderite Magnetite 

1,4-
DCB Sediment (1.24 ± 0.47)×10-3 (1.73 ± 0.16)×10-3 (1.89 ± 0.46)×10-4 (1.79 ± 0.70)×10-4 

PCE 

Pure 
Mineral - (1.43 ± 0.34)×10-3 (6.00 ± 1.65)×10-4 - 

Sediment (3.28 ± 4.08)×10-4 (6.20 ± 2.03)×10-4 (1.25 ± 0.86)×10-4 (1.10 ± 0.21)×10-3 

TCE 

Pure 
Mineral - (1.83 ± 0.49)×10-3 (0.93 ± 0.35)×10-3 - 

Sediment (4.97 ± 39.3)×10-5 (1.19 ± 0.21)×10-3 (1.41 ± 0.51)×10-4 (4.32 ± 1.39)×10-4 
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COCs degradation (Table 7.2). Rate constants for amorphous mackinawite and pyrite were 

of the same order of magnitude as that for magnetite; these constants were an order of 

magnitude greater than siderite’s. Fe(II) sulfide minerals are the dominant electron donors 

in the dechlorination processes, suggesting Fe(II) and sulfide contribute to COC 

transformation. Mackinawite (FeS), a metastable Fe sulfide mineral, has been found to be 

effective in PCE and TCE degradation under anoxic conditions. In the abiotic process, 

acetylene is the primary product through β-elimination. TCE was detected in PCE 

degradation with mackinawite via hydrogenolysis. Because of the large surface area, 

amorphous mackinawite transformed chlorinated ethenes much faster than other crystalline 

Fe(II) forms (e.g., pyrite, magnetite). Synthesized nanocrystalline mackinawite has been 

reported to exhibit 103 m2 g-1 based on transmission electron microscopy analysis (Jeong 

et al., 2008). Specific surface area of pyrite ranges from 0.03 to 1.1 m2 g-1 using the 

Brunauer, Emmett, Teller (BET) method (Beckingham et al., 2016). Although there is no 

universally accepted method for estimating the average mineral reactive surface area, the 

specific surface area of mackinawite is distinctly greater than pyrite based on particle size 

and morphology. Reductive dechlorination rate constants for PCE were reported 

as  2.74 × 10−2 L m-2 d-1 with mackinawite and 1.97 × 10−5 L m-2 d-1 with pyrite (Lee and 

Batchelor, 2002a). In our study, mackinawite and pyrite were no different given the error, 

(3.28 ± 4.08)×10-4 L g-1 h-1 and (6.20 ± 2.03)×10-4 L g-1 h-1, respectively. Framboidal pyrite 

is a nanocrystalline structure with a large mineral surface area. Xing et al. (2021) reported 

synthesized framboidal pyrite ranged from 1.83 to 2.54 m2 g-1 using FESEM analysis. This 

area was greater than the micrometer size pyrite surfaces. However, the uncertainty of the 
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BET method increases when measuring minerals with a large surface area (Wolfe et al., 

2007). The specific surface area of framboidal pyrite may therefore be underestimated. 

Pyrite is the most thermodynamically stable Fe sulfide mineral (Rickard and Luther, 

2007). As a significant electron donor and accepter in the biogeochemical system, pyrite is 

involved in redox cycling for abiotic and biotic processes. In the subsurface, pyrite 

formation can occur abiotically with mackinawite and H2S, resulting in H2 (Rickard and 

Luther, 1997). Under sulfate-reducing conditions, pyrite was generated by microbial 

reduction with, for example, Desulfosporosinus (Bertel et al., 2012a). Pyrite degraded 

chlorinated ethenes via reduction elimination and hydrogenolysis (He et al., 2015). The 

main product in degradation of PCE, TCE, c-DCE, and VC was acetylene via β-elimination 

(Lee and Batchelor, 2002a). Contaminants are expected to adsorb at the reactive sites of 

pyrite supporting reductive dechlorination. The adsorption processes enhance attenuation. 

On the other hand, pyrite has been found to undergo Fenton reactions with O2 under oxic 

conditions forming a potent oxidant hydroxyl radical. The hydroxyl radical oxidizes TCE 

and 1,4-DCB in the pyrite-O2 system (Pham and Chihiro, 2019). Pyrite plays a prominent 

role in chlorinated ethenes degradation through redox pathways as well. As a result, the 

highly reactive Fe(II) sulfides such as pyrite are important in attenuation of chlorinated 

solvents.  

Fe minerals with less reactivity, siderite and magnetite, are part of the Fe cycling 

in contaminated systems. Fe(II) carbonate siderite may be one of the dominant Fe(II) 

minerals when sulfides in an iron-reducing environment are not present (Yin et al., 2021). 

The reaction rate constants for siderite in RTZ sediment degraded PCE and TCE were (1.25 

± 0.86)×10-4 L g-1 h-1 and (1.41 ± 0.51)×10-4 L g-1 h-1, respectively. Reductive TCE 
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degradation was reported with siderite ore at 1.2 ± 0.32 × 10−7 L g-1 h-1 with acetylene as 

the byproduct (Schaefer et al., 2021). Magnetite is ubiquitous in the subsurface and 

degrades the chlorinated ethenes where 1,1-DCE and cis-DCE may be transformed to 

acetylene with VC generation (Ferrey et al., 2004). Lee and Batchelor (2002a) found that 

magnetite degraded PCE with a reaction rate constant of 0.84 × 10−6  L m-2 d-1, resulting in 

a half-life of 608 days. They also found that the magnetite surface area is 2.1 times greater 

than pyrite. The high sorption capacity depleted contaminant mobility and contributed to 

attenuation. 

7.3 Summary 

This study contributes to our understanding of abiotic degradation processes with reactive 

Fe mineral coatings. Specifically, we reported on results from applying RTZ sediments in 

the dehalogenation of 1,4-DCB, PCE, and TCE. Degradation of chlorinated benzene is a 

challenge through abiotic reduction due to its stable benzene ring. In our study, 

dechlorination of 1,4-DCB was observed with reactive Fe(II) mineral nano-coatings, 

including amorphous mackinawite and framboidal pyrite (observed by XRD and FESEM 

in the previous work (Hua et al., 2020)). Chlorobenzene and benzene were detected in the 

system as byproducts, which is consistent with isotope work (Liang et al., 2011). The 

strong reductive capacity of reactive Fe mineral coatings may be due to 1) nanoscale 

particles providing large surface areas, and 2) mineral impurities that may support catalysis 

and the 1,4-DCB transformation reaction. The four reactive Fe mineral coatings were found 

support abiotic degradation for 1,4-DCB, PCE, and TCE dechlorination. The trend for 

mineral coating reactivity followed: nanocrystal Fe(II) sulfide mineral coatings > 

magnetite >siderite.   
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

 

This research reports on methodology and results from identifying redox transition zones 

in a subsurface systems where reactive Fe minerals participate in biogeochemical cycling.  

The methodology in this study demonstrates a systematic approach for identifying these 

redox transition zones. An 18.3-meter anoxic core was collected where the redox condition 

of the sediment was preserved during the collection, transportation, sampling, and 

analytical processes. Screening analyses of a total of 225 (5.08 cm) subsamples provided a 

continuous biogeochemical profile as a function of depth for sediment ORP, sediment pH, 

Fe and S concentrations, TVOC concentration in the headspace, and abundant bacterial 

genera. Over the core’s length, gradients were observed in sediment pH, sediment ORP, 

and Fe and S concentrations. The Fe and S gradients correlated with the presence of Fe and 

S reducing bacteria, such as Desulfosporosinus and Geobacter. Using complementary 

geochemical and microbial data, five redox transition zones were delineated. This study 

contributes to establishing a protocol for systematically characterizing sediment core 

samples where the redox condition has been preserved. The profiles of parameters analyzed 

provide evidence of redox gradients and the potential impact on iron mineral coating 

transformations where transition zones are identified. Using this approach, redox transition 

zones were delineated. Subsequent analyses can then be carried on surface coating 

speciation and mineralogy (Han et al., 2020). This study also provides insight into potential 

cycling of Fe and S. 
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To better understand the reactive Fe mineral distribution in RTZ sediment, a semi-

quantitative analysis was conducted with a six-step sequential extraction. Based on the 

concentration of different forms of Fe mineral coating, potential Fe cycling with abundant 

bacteria become clearer and more significant. In the presence of sulfate-reducing bacteria, 

Zone 1 displayed the highest concentrations of Fe and, specifically, crystalline Fe sulfide 

pyrite when compared to the other three RTZs studied. The abundance of Fe sulfide mineral 

coatings in the Upper Zone and Zone 1 is expected to support abiotic attenuation of 

chlorinated solvents present at the site. In Zone 2, where mineral coatings include pyrite, 

siderite, magnetite, and Fe (oxyhydr)oxides, the Fe(III) (oxyhydr)oxides transformed to the 

reduced-Fe mineral coatings, magnetite and siderite, in the presence of the Fe-reducing 

bacteria Geobacter. In Zone 2, magnetite was the dominant Fe mineral coating. 

SE is a traditional method for quantitative analysis of minerals in sediment; 

however, it has drawbacks that cannot be ignored. In extractions, it is difficult to distinguish 

mineral coatings with similar phases. Specifically, poorly crystalline Fe minerals that 

include mackinawite, greigite, and Fe(III) ferrihydrite are targeted with the same extraction 

(1 M NaAc pH 4.5). Additionally, while Fe mineral forms can be characterized and 

quantified, it is a challenge to profile mineral coatings in the sediment at a high resolution. 

The technique is also plagued with an uncertainty of 10 to 30% (Rodgers et al., 2015). 

Time studies were conducted to address the particle-size effect in the sediment core, which 

included silt, sand, and clay; the SE process was modified accordingly. Therefore, to 

identify and characterize RTZs for a site with contamination, SE is highly useful in 

resolving and quantifying Fe speciation and is an important complementary tool for the 
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higher resolution profiling that can be accomplished with other tools such as XRD and 

FESEM/EDX.  

Batch studies were conducted to access the contribution of these reactive Fe mineral 

coatings to attenuation of chlorinated solvents. Specifically, we reported on results from 

applying RTZ sediments in the dehalogenation of 1,4-DCB, PCE, and TCE. Degradation 

of chlorinated benzene is a challenge through abiotic reduction due to its stable benzene 

ring. In our study, dechlorination of 1,4-DCB was observed with reactive Fe(II) mineral 

nano-coatings, including amorphous mackinawite and framboidal pyrite (observed by 

XRD and FESEM in the previous work (Hua et al., 2020)). Chlorobenzene and benzene 

were detected in the system as byproducts and consistent with isotope work (Liang et al., 

2011). The strong reductive capacity of reactive Fe mineral coating may be due to 1) 

nanoscale particles providing large surface areas and 2) mineral impurities that may 

support catalysis and the 1,4-DCB transformation reaction. The four reactive Fe mineral 

coatings were found to describe the abiotic degradation process for 1,4-DCB, PCE, and 

TCE dechlorination. The trend for mineral coating reactivity followed: nanocrystal Fe(II) 

sulfide mineral coatings > magnetite >siderite. In this study, we applied reaction kinetic 

models for the COC investigated with the RTZ sediment. Reductive dechlorination of 1,4-

DCB, one of the dominant COCs at the site, has been observed through abiotic processes; 

this finding highlights the significant potential of reactive Fe mineral coatings in RTZs, 

contributing to natural attenuation.  

In this research, RTZs were initially determined to correlate with geochemical and 

microbial analysis where attenuation is expected. Several minerals contribute to COC 

degradation, demonstrating the importance of reactive Fe mineral coatings and RTZs. 
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Important in this process is identifying these RTZs, evaluating Fe mineral contribution, 

and applying these models in MNA. Future work associated with this research may include 

studies focused on application of the data and modeling in natural attenuation processes. 

Furthermore, using machine learning tools to resolve potential processes and indicators of 

predicting RTZs would be highly beneficial to the remediation industry. In the complex 

RTZs system, abiotic and/or biotic pathways are important in contaminant attenuation. 

Column studies with hydrological data and spiking of COCs can simulate site conditions 

over a long-term period, which can help us to study contaminant fate and transport in RTZ 

systems. Furthermore, degradation pathways with isotope analysis would be helpful in 

resolving COC transformation in RTZs. 
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APPENDIX A 
 

OVERVIEW OF GEOLOGY LOG 

 

The summaries of soil logs depict observations from logging cores D14-SCS-1 to D14-

SCS-25 totaling 27 cores, which were drilled to a depth of approximately 20 m below to 

surface. The logging procedure is summarized in the following: 

 

1. Each 5 cm subsamples was collected each time with observations, a photograph, 

oxygen and photoionization detector recorded. 

 

2. Soil from the core is collected in a glove box and screened for the presence of 

volatile organic compounds (VOCs) using a MiniRAE 3000 Photoionization 

Detector (PID). The PID has a detection range from 0.1-15,000 ppm. The unit 

of calibration is 10 to 2000 ppm with an error ±3% and an isobutylene standard 

gas.  

 

3. Sample depth was skipped when no recovery was observed in the cores samples. 

Other sample’s depth will be recorded continually. 
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APPENDIX B 

ROTATION SPEED AND REYNOLDS NUMBER 

 

Gardner and Tatterson (1992) studied the relationship between rotation speed and mixing. 

The Reynolds number (Re) is calculated as follows (Driessen et al., 2020): 

Re= 𝜌𝜌𝜌𝜌𝑑𝑑2

𝜇𝜇
                    (B.1) 

where ρ is solution density (kg/m3), 𝜔𝜔 is angular velocity (s-1), d is the maximum inner 

diameter of tube (m), μ is dynamic fluid viscosity (Pa⋅s). Assuming at 20°C, the dynamic 

fluid viscosity for the sample solution is 1.002×10-3 Pa⋅s (Kestin et al., 1978) and the 

density for the solution is 1×103 kg/m3. The maximum inner diameter of tube is 0.027m. 

The shaker can be set at a stable rotation speed (such as 100, 200, or 300 revolutions per 

minute), converted to angular velocity in radium per second (Equation B.2). 

angular velocity (s−1) = rotation speed (rpm) × 1
60

× 2𝜋𝜋             (B.2) 

For rotation speed 100 rpm, the angular velocity is: 

𝑛𝑛 = 100 × 1
60

× 2𝜋𝜋 = 10.47 𝑠𝑠−1      (B.3) 

And the density, kinematic viscosity, and maximum inner diameter of tube are: 

𝜌𝜌 = 1 × 103 𝑘𝑘𝑘𝑘/𝑚𝑚3      (B.4) 

𝑑𝑑 = 27𝑚𝑚𝑚𝑚 = 0.027𝑚𝑚     (B.5) 

𝜇𝜇 = 1.002 × 10−3 𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠     (B.6) 

As a result, the Reynolds number for 100 rpm is: 

𝑅𝑅𝑒𝑒 = 𝜌𝜌𝑛𝑛𝑑𝑑2

𝜇𝜇
= 1×103𝑘𝑘𝑘𝑘/𝑚𝑚3×1.67𝑠𝑠−1×(0.027𝑚𝑚)2

8.9×10−4𝑃𝑃𝑃𝑃∙𝑠𝑠
= 7630   (B.7) 

The Reynolds numbers were considered for the shakers full range of speeds (Table B1). 
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Table B.1 The Relationship between Rotation Speed and Reynolds Number 

Rotation speed (rpm) 100 200 300 400 500 

Angular velocity (s-1) 10.47 20.93 31.4 41.87 52.33 

Re 7,630 15,260 22,890 30,520 38,151 

 

If the Reynolds number is between 500 to 1000, mixing is dominated by large 

toroidal vortices. With the increasing of Reynolds number, the mixing transforms from 

toroidal vortex mixing to transitional mixing. Typically, Re > 10,000 is required for fully 

turbulent conditions, and a transition region between laminar and turbulent flow occurs 

over the range 10 < Re < 10,000 (Green and Perry, 2008). In this study, the sample will 

continuously shake at 400 rpm under turbulent flow conditions. 
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APPENDIX C 

PRECIPITATION OF GYPSUM 

 

The solubility equilibrium of gypsum: 

CaSO4 = Ca2+ + SO42-   Ks0 = 10-4.60                                  (C1) 

Compared the actual ion activity product (IAP) with Ks0, the state of saturation is defined 

as following: 

IAP > Ks0 (oversaturated) 

IAP = Ks0 (saturated) 

IAP < Ks0 (undersaturated) 

 

Calcium and sulfate concentration were collected from groundwater data. The calculation 

results are presented in Table C1. According to the results, saturation of gypsum was 

expected at DBS:10.07-10.22 (m), 11.44-11.59 (m), and 13.58-13.73(m). 
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Table C.1 Saturated CaSO4 Calculation 

DBS （m) Sulfate (M) Calcium(M) IAP IAP-Ks0 

Saturated 

condition 

1.84-1.99  8.13E-05 0.001583 1.29E-07 -2.49E-05 undersaturated 

3.21-3.36  1.88E-05 0.00156 2.93E-08 -2.50E-05 undersaturated 

5.35-5.50  0.003458 0.004225 1.46E-05 -1.04E-05 undersaturated 

6.41-6.57  0.005 0.001753 8.76E-06 -1.62E-05 undersaturated 

7.17-7.33  0.001792 0.001923 3.44E-06 -2.16E-05 undersaturated 

8.24-8.39  0.00176 0.001613 2.84E-06 -2.22E-05 undersaturated 

9.00-9.16  0.001521 0.001435 2.18E-06 -2.28E-05 undersaturated 

10.07-10.22  0.006656 0.0053 3.53E-05 1.03E-05 oversaturated 

11.44-11.59  0.006688 0.00525 3.51E-05 1.01E-05 oversaturated 

12.51-12.66  0.004948 0.003725 1.84E-05 -6.57E-06 undersaturated 

13.58-13.73  0.005885 0.00435 2.56E-05 6.02E-07 oversaturated 

14.64-14.79  0.005146 0.001975 1.02E-05 -1.48E-05 undersaturated 

18.30-18.45  0.001083 0.000458 4.96E-07 -2.45E-05 undersaturated 
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APPENDIX D 

ABUNDANT OPERATIONAL TAXONOMIC UNIT IN ANOXIC CORE 

 

Each 5.08 cm subsample was examined macroscopically and 0.2 g of material was 

retrieved (Iker et al., 2013) from each subsample so that visibly differing material within 

the subsample was represented. This material was then mixed and processed for DNA 

isolation using a PowerSoil™ (Qiagen) kit with five one-minute agitation cycles using a 

MiniBead beater 96 (Biospec Products). DNA from each 5.08 cm subsample was used for 

microbial community analysis by amplification of the 16S rRNA gene V4 region using 

primers described previously (Raju et al., 2018), sequencing DNA from each subsample to 

a read depth of greater than 50,000 reads. Sequences were then error corrected, and subject 

to de novo operational taxonomic unit (OTU) clustering, relative abundance of each OTU 

was determined in each sample, and genus level taxonomic assignment of the OTUs 

generated using the Mothur analysis pipeline (Kozich et al., 2013).  
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Figure D.1 The abundant operational taxonomic unit (OTUs) matched to the genera 
Stenotrophomonas, Desulfosporosinus, Geobacter, Acidovorax, and Methylobacterium. 
The proportions of abundant bacteria (%) are revealed as a function of depth below 
surface (m) and highlighted the area of five redox transition zones.  
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APPENDIX E 

RATE CONSTANTS OF REDUCTIVE PCE DECHLORINATION BY FE 
MINERALS RELATED SYSTEMS 

 

Rate constants of reductive PCE degradation in current study and other Fe related system 
was list in the following table. 

Electron 
Source 

Condition Reaction Rate 90% Removal 
Time 

Reference 

Green rust with 
bone char 

pH 8; 
3.2 g/L GR 
mixed with 
0.15 g/L 
bone char 

0.22 ± 0.02 h-1 20 h (Ai et al., 
2019) 

Fe(II) 
amendment 
clay minerals 
 

- - 17% 
degradation 
over 100 days 

(Entwistle et 
al., 2019) 

Dithionite-
treated clay 
minerals 
(ferruginous 
smectite) 
 

- Poorly fit the 
pseudo-first order 
reaction 

- (Nzengung 
et al., 2001) 

Anaerobic 
sediment with 
Fe clay 
minerals 

- 134 ± 7.8 × 10− 7 
day-1, 55oC; 
10 ± 1.8 × 10− 7 day-

1, 35oC; 
8.3 ± 0.82 × 10− 7 

day-1, 20oC; 

470 y (Schaefer et 
al., 2017) 
 
 

ZVI with 
microbial 
community 

- 0.187 day-1 (7.8× 10-

3 h-1) 
12 d (Ma and 

Wu, 2008) 

Enriched 
perchloroethene 
dechlorinator 
via magnetic 
nanoparticles 
 

- 0.057 ± 0.007 day−1 
to 0.322 ± 0.013 
day−1 

7 to 40 d (Chen et al., 
2021) 

RTZ sediments 
with reactive Fe 
mineral 
coatings 

pH 9 (2.68 ± 0.59) × 10-3 
to (4.00 ± 0.74) × 
10-3 h-1 

24 to 35 d Current 
study 
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APPENDIX F 

RATE CONSTANTS OF REDUCTIVE TCE DECHLORINATION BY FE 
MINERALS RELATED SYSTEMS 

 

Rate constants of reductive PCE degradation in current study and other Fe related system 
was list in the following table. 

Electron Source Condition Reaction Rate 90% 
Removal 
Time 

Reference 

Anaerobic 
sediment with Fe 
clay minerals 

- 45 ± 0.10 × 10− 7 
day-1, 20oC; 

1402 y (Schaefer et 
al., 2017) 
 

Rock matrix with 
pyrite 

- 3.0 × 10–6 to 1.5 × 
10–4 h–1 

2 to 88 y (Schaefer et 
al., 2013) 
 

Nano-ZVI in 
clayey soil 

- 0.05-0.24 day- 1 10 to 46 d (Katsenovich 
and Miralles-
Wilhelm, 
2009) 
 

Pyrite (impure) pH 8, 
2 m2/L 

pH 4.3, 0.182/day, 
pH 5.3, 0.182/day, 
pH 6.4, 0.293/day, 
pH 7.4, 0.552/day, 
pH 8.2, 0.866/day, 
pH 8.9, 1.21/day 

2 to 12 d (Weerasooriy
a and 
Dharmasena, 
2001) 

Mackinawite pH 8.3, 
10 g/L FeS, 
0.1 M tris 
buffer 

(5.09 ± 0.24) × 10−2 

day-1 
45 d (Jeong and 

Hayes, 2007) 

Pyrite (not freeze 
dried) 

pH 7.2, 
18 g/L FeS 

(1.52 ± 0.10) × 10−1 

day-1 
15 d (He et al., 

2010) 

Pyrite pH 8, 84 g/L 
2340 m2/L 

1.60 ±0.02 day-1 2 d (Lee and 
Batchelor, 
2002a) 

RTZ sediments 
with reactive Fe 
mineral coatings 

pH 9 (2.45 ± 0.41) × 10-3 
to (3.63 ± 0.18) × 
10-3 h-1 

 

26 to 39 d Current study 
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APPENDIX G 

THE CALCUALTED CONCENTRATIONS OF ACETYLENE IN THE 
TETRACHLOROETHYLENE AND TRICHLOROETHYLENE STUDIES 

 

Reduction elimination is the primary abiotic pathway for chlorinated ethenes, with 

acetylene as the major byproduct. However, to demonstrate why this byproduct was not 

detected in the studies conducted, the assumption used in both the tetrachloroethylene (PCE) 

and trichloroethylene (TCE) experiments is that acetylene is the only byproduct in each 40 

mL reactor. The concentrations of acetylene (in gas, liquid, and solid phases) from PCE 

and TCE studies reveal that over the time intervals, the acetylene concentration produced 

based on the decrease of the target COC would have been (Tables G.1 and G.2) less than 

0.8 mg L-1 which is below the (GC-MS) detection limit.   
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Table G.1 The Concentrations of Observed Tetrachloroethylene (PCE) and Calculated 
Acetylene in the Gas, Liquid, and Solid Phases of the 40 mL Reactor with Upper Zone 
Sediment 

Time (h)  0 6 20 26 44 50.5 68 

Observed 

TCE 

(mg/L) 

Gas 8.52 7.22 6.96 6.60 6.23 6.07 5.73 

Liquid 15.00 12.70 12.26 11.63 10.96 10.70 10.10 

Solid 0.00 1.56 1.56 1.56 1.56 1.56 1.56 

Total 23.52 21.48 20.78 19.79 18.75 18.33 17.39 

Calculated 

Acetylene 

(mg/L) 

Gas 
 

0.37 0.44 0.54 0.64 0.69 0.78 

Liquid 
 

0.21 0.25 0.31 0.37 0.39 0.44 

Solid 
 

0.00 0.00 0.00 0.00 0.00 0.00 

Total 
 

0.32 0.44 0.59 0.76 0.83 0.98 
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Table G.2 The Concentrations of Observed Trichloroethylene (TCE) and Calculated 
Acetylene in the Gas, Liquid, and Solid Phases of the 40 mL Reactor with Upper Zone 
Sediment 

Time (h)  0 6 20 26 44 50.5 68 

Observed 

TCE 

(mg/L) 

Gas 10.21 8.64 8.02 8.46 7.99 7.65 7.36 

Liquid 17.98 15.21 14.12 14.89 14.07 13.46 12.95 

Solid 
 

2.05 2.05 2.05 2.05 2.05 2.05 

Total 28.20 25.90 24.19 25.41 24.11 23.16 22.36 

Calculated 

Acetylene 

(mg/L) 

Gas 
 

0.32 0.44 0.35 0.45 0.52 0.57 

Liquid 
 

0.56 0.78 0.62 0.79 0.91 1.01 

Solid 
 

0.41 0.41 0.41 0.41 0.41 0.41 

Total 
 

0.46 0.80 0.56 0.82 1.01 1.17 
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APPENDIX H 

THE DATA OF SCREENING ANALYSES BY  
A SUITE OF COMPLEMENTARY TOOLS 

 

Four geochemical analyses were conducted to screen the 18 m anoxic core. The analyses 

included sediment pH, sediment oxidation/reduction potential (ORP), element 

concentrations of sediment, and total volatile organic compounds in the sediment 

headspace. The data of these analyses as a function of depth below the surface and elevation 

(m) were list in Table 1 and 2. 
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Table H.1 The Concentrations of Dominant Elements (mg kg-1) in the Sediment 
Determined by X-Ray Fluorescence Spectrometer as a Function of Depth (m) 

DBS (m) Elevation (m) Fe  Si  Al Ti  S P  

3.35 -1.83 27,428 111,882 11,489 8,304 584 7,151 
3.40 -1.88 24,478 116,517 11,592 6,431 491 8,216 
3.45 -1.93 26,774 97,454 13,852 5,352 656 5,070 
3.51 -1.98 24,826 93,265 15,231 4,549 2,430 5,801 
3.56 -2.03 30,988 80,602 12,006 3,431 528 5,419 
3.61 -2.08 22,214 100,262 13,196 4,378 3,832 5,125 
3.66 -2.13 20,725 121,798 16,805 3,632 2,830 5,225 
3.71 -2.18 24,059 131,083 20,983 4,551 2,585 5,406 
3.76 -2.24 20,411 116,869 15,623 4,076 3,962 5,097 
3.81 -2.29 18,253 110,258 13,763 3,687 2,395 5,248 
3.91 -2.39 19,722 129,662 17,979 4,164 3,150 5,194 
3.96 -2.44 16,828 108,026 14,009 3,409 994 5,146 
4.01 -2.49 17,380 104,521 12,075 3,270 2,790 5,142 
4.06 -2.54 17,925 108,928 14,195 2,870 2,809 5,195 
4.11 -2.59 13,831 75,916 9,348 2,383 2,046 5,100 
4.17 -2.64 17,675 103,725 11,639 3,380 6,933 5,012 
4.22 -2.69 22,709 86,958 16,869 2,831 894 5,113 
4.27 -2.74 17,912 68,987 11,431 2,598 906 4,829 
4.32 -2.79 16,849 62,310 10,341 2,277 2,083 4,852 
4.37 -2.84 17,788 69,202 10,912 2,856 2,136 4,704 
4.42 -2.90 19,191 68,133 13,225 2,266 815 5,102 
4.47 -2.95 20,309 75,296 14,536 2,544 2,107 4,939 
4.52 -3.00 16,666 63,842 10,176 1,862 3,837 4,757 
4.57 -3.05 19,433 57,120 11,169 2,326 4,630 4,832 
4.62 -3.10 18,733 56,796 10,537 2,209 2,801 4,868 
4.67 -3.15 22,947 57,820 11,803 2,577 679 4,785 
4.72 -3.20 25,054 61,147 13,321 2,672 766 5,039 
4.78 -3.25 28,034 63,475 12,823 2,925 965 4,881 
4.83 -3.30 28,975 78,780 15,148 3,192 685 5,202 
4.88 -3.35 31,836 76,918 16,244 2,455 558 5,125 
4.93 -3.40 34,395 73,021 13,259 2,230 461 4,903 
4.98 -3.45 36,175 54,994 11,866 1,859 525 4,891 
5.03 -3.51 39,182 61,373 13,725 2,234 635 4,946 
5.08 -3.56 46,295 70,311 12,676 1,912 690 5,263 
5.13 -3.61 42,472 66,906 14,628 2,150 753 5,171 
5.18 -3.66 29,268 72,364 12,610 2,199 576 5,290 
5.23 -3.71 27,699 57,634 10,653 1,892 529 4,650 
5.28 -3.76 48,167 78,368 13,733 2,510 489 4,674 
5.33 -3.81 23,056 79,290 11,389 4,039 459 5,658 
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DBS (m) Elevation (m) Fe Si Al Ti S P 

5.38 -3.86 36,752 90,391 13,145 3,112 435 4,759 
5.44 -3.91 26,975 52,728 8,925 2,412 487 4,628 
5.49 -3.96 24,527 63,907 10,268 2,324 514 4,811 
5.99 -4.47 36,491 108,786 15,987 4,293 513 5,415 
6.05 -4.52 22,788 68,790 9,656 4,574 459 6,050 
6.10 -4.57 24,565 77,643 12,182 4,755 506 5,973 
6.15 -4.62 22,645 78,774 13,382 4,691 532 5,907 
6.20 -4.67 23,082 75,701 12,472 4,682 516 5,837 
6.25 -4.72 24,281 71,884 11,972 4,670 495 5,500 
6.35 -4.83 25,014 100,827 17,256 4,532 490 4,374 
6.40 -4.88 25,559 78,477 10,720 3,341 2,628 4,072 
6.45 -4.93 33,704 93,884 15,116 4,031 3,143 4,806 
6.50 -4.98 34,976 90,478 13,410 3,539 3,555 4,953 
6.55 -5.03 32,726 92,792 14,342 3,699 3,601 5,059 
6.60 -5.08 33,723 92,246 16,953 4,261 3,174 4,688 
6.65 -5.13 38,702 75,503 13,986 3,738 4,482 4,661 
6.71 -5.18 43,680 77,295 14,804 3,704 4,937 4,863 
6.76 -5.23 53,959 62,781 11,774 2,888 5,906 4,874 
6.81 -5.28 52,428 47,737 7,344 2,681 4,018 4,449 
6.86 -5.33 45,300 83,716 14,355 3,389 3,583 4,305 
6.91 -5.38 29,421 91,890 9,239 3,048 983 5,455 
6.96 -5.44 34,515 85,963 13,382 3,969 671 7,539 
7.01 -5.49 50,793 61,453 9,808 3,427 983 4,828 
7.06 -5.54 49,317 70,628 9,840 3,134 963 5,215 
7.11 -5.59 45,688 66,292 10,356 2,381 2,254 5,328 
7.16 -5.64 65,623 69,391 12,713 2,709 3,892 4,776 
7.21 -5.69 48,867 86,936 10,428 3,896 754 7,527 
7.26 -5.74 44,061 97,861 11,033 5,345 709 10,963 
7.32 -5.79 47,644 55,379 8,995 4,800 2,550 5,021 
7.37 -5.84 52,344 52,126 8,748 4,493 7,670 4,921 
7.42 -5.89 37,092 88,579 10,865 3,002 10,627 5,560 
7.47 -5.94 44,470 73,244 9,536 3,174 9,393 6,489 
7.52 -5.99 43,640 90,861 11,168 4,062 5,187 5,891 
7.57 -6.05 44,169 78,437 9,100 3,124 3,958 5,531 
7.62 -6.10 27,734 79,357 6,677 1,716 10,856 5,177 
7.67 -6.15 37,627 69,680 6,787 1,778 14,834 5,169 
7.72 -6.20 39,940 53,943 7,348 2,022 14,340 5,351 
7.77 -6.25 28,380 50,004 6,072 1,409 18,927 5,056 
7.82 -6.30 43,770 59,456 7,479 1,882 16,578 5,940 
7.87 -6.35 42,782 60,861 8,423 2,414 14,192 5,533 
7.92 -6.40 40,374 55,921 8,924 2,993 12,611 5,330 
8.48 -6.96 50,467 37,987 5,829 2,473 807 5,264 



 
 

 119 

DBS (m) Elevation (m) Fe Si Al Ti S P 

8.23 -6.71 50,197 37,716 6,017 2,210 963 5,246 
8.28 -6.76 41,465 43,317 6,404 1,956 1,231 5,488 
8.74 -7.21 54,282 51,152 8,513 1,704 650 6,025 
8.79 -7.26 63,720 31,685 5,682 1,266 479 5,179 
8.84 -7.32 52,051 38,314 5,320 1,533 635 5,674 
8.89 -7.37 38,340 57,591 5,592 1,258 608 6,098 
8.94 -7.42 33,215 64,795 6,063 1,550 573 5,894 
8.99 -7.47 28,294 53,571 5,330 1,745 524 5,291 
9.04 -7.52 36,521 45,147 7,843 2,113 499 5,016 
9.09 -7.57 37,627 46,612 7,576 1,837 528 5,196 
9.14 -7.62 38,203 36,697 6,629 1,620 543 5,170 
9.45 -7.92 32,791 70,515 4,628 1,340 524 5,991 
9.50 -7.98 30,378 76,372 3,738 1,124 528 6,100 
9.55 -8.03 37,788 60,023 3,377 1,000 528 6,397 
9.60 -8.08 45,567 40,454 2,427 1,097 570 5,772 
9.65 -8.13 53,959 37,065 2,644 1,090 589 6,241 
9.70 -8.18 40,502 47,172 2,855 679 545 5,882 
9.75 -8.23 41,123 48,815 3,433 712 562 5,704 
9.80 -8.28 24,236 62,475 2,697 765 535 5,278 
9.86 -8.33 29,204 50,241 3,087 957 577 5,638 
9.91 -8.38 28,889 44,195 2,874 1,553 617 5,498 

10.01 -8.48 22,416 90,852 2,986 936 463 5,529 
10.06 -8.53 18,688 82,668 2,216 749 539 5,364 
10.11 -8.59 18,087 69,066 2,450 783 559 5,080 
10.16 -8.64 21,406 51,019 2,228 1,134 645 5,167 
10.21 -8.69 22,515 67,252 2,084 705 603 5,497 
10.26 -8.74 13,709 72,461 3,192 973 603 4,878 
10.31 -8.79 8,781 82,842 4,422 974 653 4,884 
10.36 -8.84 8,837 61,388 3,090 1,027 767 4,910 
10.41 -8.89 9,027 71,654 3,677 839 662 4,728 
10.46 -8.94 11,830 53,627 2,733 1,031 696 4,646 
11.02 -9.50 54,997 45,013 7,727 1,769 606 5,194 
11.13 -9.60 3,712 67,423 4,300 1,261 639 4,642 
11.18 -9.65 3,127 72,360 5,227 1,751 617 4,673 
11.23 -9.70 3,354 80,362 3,601 1,918 687 4,795 
11.28 -9.75 3,106 109,454 5,598 1,696 663 5,007 
11.33 -9.80 3,772 105,458 5,994 1,523 647 5,401 
11.38 -9.86 3,204 120,028 5,771 1,761 746 6,700 
11.43 -9.91 2,282 138,990 6,612 1,342 563 5,041 
11.48 -9.96 950 152,329 3,848 1,288 513 4,453 
11.53 -10.01 2,003 157,628 2,498 2,126 842 8,871 
11.58 -10.06 1,633 145,307 2,208 2,001 642 5,547 
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DBS (m) Elevation (m) Fe Si Al Ti S P 

11.79 -10.26 3,768 80,835 2,378 4,697 1,268 11,786 
11.84 -10.31 3,203 108,010 2,390 2,215 889 4,757 
11.89 -10.36 3,000 110,371 2,138 2,054 687 4,873 
11.94 -10.41 2,926 129,628 2,199 1,811 686 4,806 
11.99 -10.46 2,607 116,569 1,793 1,674 629 4,551 
12.04 -10.52 3,050 115,919 2,357 2,607 777 6,571 
12.09 -10.57 2,228 155,198 2,167 1,514 550 4,914 
12.14 -10.62 2,913 130,214 2,433 2,114 590 4,912 
12.19 -10.67 2,449 133,184 1,926 2,406 834 8,113 
12.24 -10.72 2,491 117,074 1,865 1,861 574 4,595 
12.29 -10.77 2,761 132,904 1,818 2,380 967 8,917 
12.34 -10.82 2,738 131,038 1,980 1,970 587 4,688 
12.40 -10.87 3,170 120,682 2,561 2,284 666 4,765 
12.45 -10.92 3,536 125,694 2,577 2,007 1,178 4,980 
12.50 -10.97 3,646 91,920 2,307 2,574 698 4,654 
12.55 -11.02 2,881 187,892 4,552 3,093 1,062 9,319 
12.60 -11.07 3,172 131,231 2,816 1,974 606 4,681 
12.90 -11.38 3,165 85,824 2,176 3,971 890 7,416 
12.95 -11.43 3,187 126,305 2,194 2,007 663 5,077 
13.00 -11.48 3,372 127,309 2,135 1,890 576 4,484 
13.06 -11.53 4,101 142,836 2,034 1,913 676 5,907 
13.11 -11.58 5,824 127,335 2,852 1,740 528 4,806 
13.16 -11.63 3,468 105,186 2,320 1,658 618 4,677 
13.21 -11.68 3,483 155,555 3,466 2,401 484 5,168 
13.26 -11.73 3,371 133,421 3,500 2,341 497 3,846 
13.31 -11.79 3,241 148,864 3,033 2,762 596 5,708 
13.36 -11.84 3,781 142,959 3,285 2,324 686 5,891 
13.41 -11.89 4,241 132,545 4,191 2,238 561 4,216 
13.46 -11.94 7,462 146,351 18,820 5,089 511 4,285 
13.51 -11.99 2,990 122,437 6,835 2,708 554 3,781 
13.56 -12.04 3,020 152,349 6,161 2,416 590 4,292 
13.61 -12.09 3,516 145,592 8,788 3,293 663 4,086 
13.67 -12.14 7,308 137,893 13,787 4,220 633 5,090 
13.72 -12.19 7,023 118,674 13,118 5,500 663 7,181 
13.77 -12.24 5,396 168,776 12,375 4,693 482 4,871 
13.82 -12.29 5,088 172,261 9,180 3,827 543 4,399 
13.87 -12.34 2,481 180,037 4,239 3,216 9 10,839 
13.92 -12.40 1,790 169,635 2,354 1,755 599 5,242 
13.97 -12.45 1,584 161,405 2,233 1,486 554 4,302 
14.02 -12.50 4,429 145,031 2,364 1,292 5,989 5,989 
14.58 -13.06 7,172 99,825 3,442 2,765 666 4,868 
14.63 -13.11 6,359 95,453 2,768 2,795 574 4,028 
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DBS (m) Elevation (m) Fe Si Al Ti S P 

14.68 -13.16 6,612 101,871 2,675 3,325 572 4,610 
14.73 -13.21 20,978 151,694 20,370 5,170 578 5,138 
14.78 -13.26 39,998 134,416 23,313 5,671 439 4,762 
14.83 -13.31 8,563 162,725 4,274 1,761 515 4,418 
14.88 -13.36 4,946 170,973 3,071 3,027 473 4,018 
14.94 -13.41 3,651 162,897 1,929 993 516 4,093 
14.99 -13.46 30,129 117,687 4,170 1,047 579 4,603 
15.04 -13.51 93,106 93,764 7,933 2,865 452 5,042 
15.09 -13.56 61,504 115,779 29,922 7,309 703 3,762 
15.14 -13.61 16,228 122,876 29,998 7,473 464 2,974 
15.19 -13.67 24,604 123,526 30,229 6,922 465 2,961 
15.24 -13.72 36,230 125,973 31,866 6,489 559 3,600 
17.17 -15.65 6,726 176,732 2,897 2,623 518 4,244 
17.22 -15.70 6,273 183,250 2,459 1,965 488 4,474 
17.27 -15.75 6,452 161,783 2,071 2,121 468 3,931 
17.32 -15.80 6,729 128,969 2,187 2,112 542 3,833 
17.37 -15.85 5,871 134,055 2,251 1,500 544 3,956 
17.42 -15.90 6,215 116,960 2,090 1,739 533 3,508 
17.48 -15.95 7,336 109,891 2,675 2,018 575 3,811 
17.53 -16.00 6,861 119,821 2,522 1,640 522 3,915 
17.58 -16.05 11,778 119,093 18,148 5,751 743 5,713 
17.63 -16.10 8,384 128,782 9,524 3,590 519 3,930 
17.68 -16.15 7,300 89,872 9,627 6,803 1,236 14,308 
18.24 -16.71 5,018 169,496 16,096 5,822 1,214 15,000 
18.29 -16.76 4,243 152,162 15,435 5,649 1,222 15,517 
18.34 -16.81 4,247 139,180 14,100 5,240 1,458 18,629 
18.39 -16.87 3,600 129,587 14,521 5,847 1,414 16,012 
18.44 -16.92 2,474 110,847 6,776 6,031 1,243 13,121 
18.49 -16.97 2,826 119,074 9,194 6,376 1,335 14,591 
18.54 -17.02 3,919 124,384 17,439 6,653 1,446 13,257 
18.59 -17.07 2,824 126,963 7,871 5,216 1,333 14,784 
18.64 -17.12 3,613 146,771 12,822 5,072 1,396 15,267 
18.75 -17.22 4,370 151,729 14,410 5,618 936 11,228 
18.80 -17.27 4,023 129,248 16,203 4,337 441 10,693 
18.85 -17.32 4,144 96,130 14,209 3,016 637 4,225 
18.90 -17.37 6,812 104,651 16,917 3,355 592 5,798 
18.95 -17.42 13,797 152,971 21,682 5,568 635 6,085 
19.00 -17.48 31,558 143,600 24,961 6,502 511 3,440 
19.05 -17.53 42,189 151,995 26,184 7,373 515 3,830 
19.10 -17.58 40,003 150,764 29,578 7,554 499 3,998 
19.15 -17.63 24,636 132,893 25,038 6,863 430 3,686 
19.20 -17.68 28,239 135,803 22,825 7,305 445 3,429 



 
 

 122 

DBS (m) Elevation (m) Fe Si Al Ti S P 

19.25 -17.73 25,091 149,600 26,343 7,151 414 3,649 
19.30 -17.78 17,923 147,902 25,421 6,971 412 3,258 
19.35 -17.83 19,133 142,262 25,575 6,782 392 3,129 
19.41 -17.88 12,892 143,834 26,642 6,923 431 3,605 
19.46 -17.93 12,763 145,212 24,303 6,491 428 3,143 
19.51 -17.98 23,814 134,034 25,053 6,312 520 3,396 
19.56 -18.03 6,995 189,698 13,399 6,919 1,034 10,416 
19.61 -18.08 3,664 198,253 16,951 5,259 1,316 11,869 
19.66 -18.14 21,811 154,817 24,486 6,505 735 4,577 
19.71 -18.19 28,372 139,363 32,781 5,444 625 3,393 
19.76 -18.24 12,088 144,966 30,807 5,345 907 3,447 
19.81 -18.29 19,772 136,650 30,035 5,286 477 3,091 
19.86 -18.34 18,470 159,685 39,657 5,478 471 3,254 
19.91 -18.39 23,477 141,189 29,682 5,612 389 3,223 
19.96 -18.44 32,687 140,352 30,004 5,417 405 3,686 
20.02 -18.49 32,577 149,168 33,778 5,650 395 3,529 
20.07 -18.54 29,774 166,766 40,381 5,525 356 2,890 
20.12 -18.59 34,460 135,571 28,465 5,239 384 3,658 
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Table H.2 The Data from Sediment pH, Sediment Oxidation/Reduction Potential (mV), 
and Total Volatile Organic Compounds (Reported as Chlorobenzene) in the Each 
Subsample Headspace (ppm) as a Function of Depth (m) 

DBS(m) Elevation (m) pH  ORP (mV)  Chlorobenzene (ppm) 
3.35 -1.83 7.03 313.5 0 
3.40 -1.88 7.55 86.4 0 
3.45 -1.93 7.04 306.6 0 
3.51 -1.98 6.48 195.4 0 
3.56 -2.03 6.16 540.0 0 
3.61 -2.08 6.39 625.4 0 
3.66 -2.13 6.24 597.4 0 
3.71 -2.18 5.99 651.0 0 
3.76 -2.24 6.16 613.4 0 
3.81 -2.29 6.13 613.5 0 
3.91 -2.39 6.99 445.0 0 
3.96 -2.44 6.38 426.9 0 
4.01 -2.49 6.75 414.7 0 
4.06 -2.54 6.94 281.6 0 
4.11 -2.59 6.96 287.1 0 
4.17 -2.64 7.38 519.5 0 
4.22 -2.69 6.84 126.8 0 
4.27 -2.74 6.72 337.8 0 
4.32 -2.79 6.82 146.9 0 
4.37 -2.84 6.86 528.5 0 
4.42 -2.90 6.85 331.3 0 
4.47 -2.95 7.14 76.1 0 
4.52 -3.00 7.05 538.6 0 
4.57 -3.05 6.9 92.0 0 
4.62 -3.10 6.49 344.5 0.2 
4.67 -3.15 6.43 517.2 0 
4.72 -3.20 6.9 112.5 0 
4.78 -3.25 7.21 34.8 0 
4.83 -3.30 6.18 261.0 0.1 
4.88 -3.35 6.87 65.5 0.1 
4.93 -3.40 6.6 224.8 0.3 
4.98 -3.45 6.81 238.8 0.2 
5.03 -3.51 6.6 201.1 0 
5.08 -3.56 6.58 186.3 0.1 
5.13 -3.61 6.71 210.3 0 
5.18 -3.66 6.83 187.6 0.1 
5.23 -3.71 6.84 494.1 2 
5.28 -3.76 6.63 486.1 1.7 
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DBS(m) Elevation (m) pH  ORP (mV)  Chlorobenzene (ppm) 
5.33 -3.81  255.8 1.1 
5.38 -3.86 6.58 574.9 0.6 
5.44 -3.91 6.67 569.3 0 
5.49 -3.96 6.83 513.0 0 
5.99 -4.47 6.38 472.1 1 
6.05 -4.52 6.07 477.4 1.2 
6.10 -4.57 6.2 521.6 3.3 
6.15 -4.62 6.05 416.2 1.8 
6.20 -4.67 6.35 447.3 1.6 
6.25 -4.72 6.2 355.4 2.2 
6.35 -4.83 6.64 96.6 1.1 
6.40 -4.88 6.34 85.4 0 
6.45 -4.93 6.62 75.4 2.7 
6.50 -4.98 6.56 -28.3 0.3 
6.55 -5.03 6.66 -14.7 1.1 
6.60 -5.08 6.52 136.0 0.3 
6.65 -5.13 7.26 -0.4 3.3 
6.71 -5.18 7.13 3.9 2.1 
6.76 -5.23 7.45 -63.5 0.5 
6.81 -5.28 6.83 -7.9 0.1 
6.86 -5.33 7.07 32.4 0.1 
6.91 -5.38 6.67 84.8 0.1 
6.96 -5.44 7.08 35.3 0 
7.01 -5.49 6.83 44.4 0 
7.06 -5.54 6.73 62.8 0 
7.11 -5.59 6.87 36.0 0.3 
7.16 -5.64 6.80 82.0 0 
7.21 -5.69 6.09 146.0 0.3 
7.26 -5.74 5.90 163.6 0.1 
7.32 -5.79 6.06 107.8 0 
7.37 -5.84 6.29 108.5 0.3 
7.42 -5.89 5.63 102.5 0.1 
7.47 -5.94 6.36 60.8 0.2 
7.52 -5.99 6.79 9.3 0.2 
7.57 -6.05 6.66 265.6 0.4 
7.62 -6.10 6.34 330.1 1.3 
7.67 -6.15 5.68 252.6 1.2 
7.72 -6.20 6.75 211.1 1.3 
7.77 -6.25 6.55 13.5 0.5 
7.82 -6.30 6.98 -6.3 1 
7.87 -6.35 6.89 2.4 1.2 
7.92 -6.40 6.50 83.5 1.3 
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DBS(m) Elevation (m) pH  ORP (mV)  Chlorobenzene (ppm) 
8.48 -6.96 6.55 21.2 1.3 
8.23 -6.71 6.93 -20.7 0.3 
8.28 -6.76 6.07 29.2 0 
8.74 -7.21 7.04 -45.2 1.7 
8.79 -7.26 5.68 -0.8 0.2 
8.84 -7.32 6.73 -46.4 0.7 
8.89 -7.37 5.72 47.8 0.8 
8.94 -7.42 5.88 78.6 0.2 
8.99 -7.47 6.75 -10.2 0.6 
9.04 -7.52 6.89 -21.5 0.3 
9.09 -7.57 6.78 -6.9 0.1 
9.14 -7.62 6.75 -84.0 0.3 
9.45 -7.92 6.16 43.3 0.3 
9.50 -7.98 7.14 -44.6 0.2 
9.55 -8.03 7.15 -78.2 0.4 
9.60 -8.08 6.66 -31.9 1.5 
9.65 -8.13 7.14 -58.3 0.2 
9.70 -8.18 6.73 -25.2 0.8 
9.75 -8.23 7.13 -50.6 2.2 
9.80 -8.28 7.15 -42.8 0.7 
9.86 -8.33 7.13 -50.9 3 
9.91 -8.38 7.02 -65.3 2.5 

10.01 -8.48 5.98 85.1 0.3 
10.06 -8.53 6.77 -54.3 1.2 
10.11 -8.59 6.98 -77.9 0.5 
10.16 -8.64 6.87 -23.6 1.1 
10.21 -8.69 7.20 -75.7 0.9 
10.26 -8.74 6.78 -46.9 4.6 
10.31 -8.79 6.89 -42.2 0.3 
10.36 -8.84 7.27 -74.2 0.5 
10.41 -8.89 6.31 80.3 0.7 
10.46 -8.94 6.48 -74.4 0.8 
11.02 -9.50 7.16 -141.4 0.4 
11.13 -9.60 7.31 -129.0 5.2 
11.18 -9.65 6.94 -102.2 1.8 
11.23 -9.70 6.96 -73.2 0.5 
11.28 -9.75 5.91 202.7 4.4 
11.33 -9.80 5.80 269.1 0.8 
11.38 -9.86 6.69 179.5 1.9 
11.43 -9.91 5.57 106.6 0.4 
11.48 -9.96 6.13 76.3 1.3 
11.53 -10.01 6.32 196.0 1 
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DBS(m) Elevation (m) pH  ORP (mV)  Chlorobenzene (ppm) 
11.58 -10.06 7.38 -11.6 0.1 
11.79 -10.26 7.74 -99.5 0.9 
11.84 -10.31 7.49 -87.5 0.2 
11.89 -10.36 7.89 -101.7 0.7 
11.94 -10.41 8.03 -55.3 0.7 
11.99 -10.46 7.89 -55.4 0.5 
12.04 -10.52 7.04 55.3 1.4 
12.09 -10.57 7.22 31.0 0 
12.14 -10.62 7.28 36.9 0.1 
12.19 -10.67 7.28 23.6 0.1 
12.24 -10.72 7.15 19.4 0.3 
12.29 -10.77 7.23 -68.8 0.7 
12.34 -10.82 7.33 -125.5 1.2 
12.40 -10.87 7.39 -61.3 0.5 
12.45 -10.92 7.52 -73.1 0.4 
12.50 -10.97 7.50 18.4 0.4 
12.55 -11.02 7.45 -123.0 0.4 
12.60 -11.07 6.79 -90.6 0.4 
12.90 -11.38 7.53 -27.3 6.4 
12.95 -11.43 7.01 165.0 2.2 
13.00 -11.48 6.55 176.4 0.9 
13.06 -11.53 7.07 -70.5 0.9 
13.11 -11.58 6.47 79.0 0.2 
13.16 -11.63 6.40 212.0 0 
13.21 -11.68 5.55 203.0 0.7 
13.26 -11.73 7.67 -5.8 0 
13.31 -11.79 7.47 39.1 1.2 
13.36 -11.84 6.91 66.0 0.7 
13.41 -11.89 6.66 -7.6 0.5 
13.46 -11.94 5.10 123.7 2.4 
13.51 -11.99 5.26 114.7 0.7 
13.56 -12.04 5.20 186.2 0.6 
13.61 -12.09 5.70 119.5 1.1 
13.67 -12.14 4.83 196.7 1.3 
13.72 -12.19 4.88 132.5 0.5 
13.77 -12.24 4.38 205.7 0.2 
13.82 -12.29 4.96 148.6 0.3 
13.87 -12.34 6.08 69.0 0.2 
13.92 -12.40 6.17 25.6 0.7 
13.97 -12.45 6.34 35.8 0.2 
14.02 -12.50 5.49 106.8 0.4 
14.58 -13.06 7.94 -115.8 9.6 
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DBS(m) Elevation (m) pH  ORP (mV)  Chlorobenzene (ppm) 
14.63 -13.11 7.49 -108.6 1.5 
14.68 -13.16 7.43 -92.5 0.4 
14.73 -13.21 4.87 51.0 0.2 
14.78 -13.26 6.23 -15.9 0.2 
14.83 -13.31 5.52 115.3 1.4 
14.88 -13.36 5.87 141.1 1 
14.94 -13.41 6.47 110.2 1.8 
14.99 -13.46 6.35 76.9 1.7 
15.04 -13.51 4.86 233.8 2.4 
15.09 -13.56 5.65 176.3 7.6 
15.14 -13.61 4.91 215.4 1.1 
15.19 -13.67 6.8 51.7 0.9 
15.24 -13.72 5.78 9.4 0.2 
17.17 -15.65 7.05 60.8 0 
17.22 -15.70 6.61 83.5 0 
17.27 -15.75 6.83 91.4 0.1 
17.32 -15.80 6.45 47.5 0.3 
17.37 -15.85 6.26 56.0 0.7 
17.42 -15.90 6.3 29.0 1.7 
17.48 -15.95 6.31 315.9 1.4 
17.53 -16.00 6.92 -50.2 0.6 
17.58 -16.05 6.9 -37.8 2.4 
17.63 -16.10 4.67 154.8 0.3 
17.68 -16.15 6.22 146.4 0.6 
18.24 -16.71 6.33 158.6 0.1 
18.29 -16.76 4.94 209.9 0.4 
18.34 -16.81 4.91 233.4 0.2 
18.39 -16.87  343.4 0.2 
18.44 -16.92 4.39 346.4 1.1 
18.49 -16.97 4.51 316.9 0.1 
18.54 -17.02 5.93 144.2 0 
18.59 -17.07 4.1 134.9 0.1 
18.64 -17.12 4.3 322.9 0 
18.75 -17.22 6.58 217.8 0 
18.80 -17.27 4.45 230.9 0.1 
18.85 -17.32 4.6 234.1 0 
18.90 -17.37 4.54 214.3 0.2 
18.95 -17.42 6.62 -69.2 0.1 
19.00 -17.48 5.18 59.6 0 
19.05 -17.53 5.23 68.4 0 
19.10 -17.58 5.73 31.0 0.4 
19.15 -17.63 5.92 -33.0 0 
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DBS(m) Elevation (m) pH  ORP (mV)  Chlorobenzene (ppm) 
19.20 -17.68 5.74 -8.6 0 
19.25 -17.73 4.04 162.9 0 
19.30 -17.78 5.27 139.4 0 
19.35 -17.83 3.74 191.1 0 
19.41 -17.88 5.92 71.5 0 
19.46 -17.93 6.51 -4.9 0 
19.51 -17.98 5.29 29.3 0 
19.56 -18.03 4.24 148.4 0 
19.61 -18.08 4.46 152.8 0 
19.66 -18.14 4.31 157.7 0.2 
19.71 -18.19 5.38 135.4 0 
19.76 -18.24 3.79 340.2 0 
19.81 -18.29 5.82 279.1 0 
19.86 -18.34 5.83 260.6 0.3 
19.91 -18.39 6.26 214.9 0 
19.96 -18.44 6.49 179.6 0.2 
20.02 -18.49 6.2 179.4 0.2 
20.07 -18.54 6.68 151.3 0.2 
20.12 -18.59 6.9 166.4 0.2 
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APPENDIX I 

SEQUENTIAL EXTRACTION DATA OF SEDIMNET SAMPLES FROM 
REDOX TRANSITIION ZONES 

 

A six-step sequential extraction was conducted for accessing the reactive Fe minerals (from 

bulk to mineral coating) in the sediment sample collected from four redox transition zones. 

The concentrations of different Fe speciation in Upper Zone (Table I.1), Zone 1 (Table I.2), 

Zone 2 (Table I.3) and Zone 3 (Table I.4) were listed in the following tables. 

 



 

Table I.1 The Concentration of Different Fe Minerals in Upper Zone determined with A Six-Step Sequential Extraction 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
13.00 
 

2-3a 102 1,059 455 5,070 1,372 4,365 12,423 11,086 1.12 
 103 1,039 496 5,600 1,555 4,360 13,153 11,086 1.19 

2-3b 102 1,092 580 5,750 1,763 4,850 14,137 13,906 1.02 
 104 1,070 542 5,630 1,647 4,970 13,963 13,906 1.00 

average 103 1,065 518 5,513 1,584 4,636 13,419 12,496 1.08 
13.17 
 

2-4a 109 1,090 507 6,570 1,310 4,445 14,031 9,333 1.50 
 107 1,071 549 5,640 1,365 4,730 13,462 9,333 1.44 

2-4b 107 1,047 511 5,490 1,174 4,240 12,569 8,881 1.42 
 107 1,065 520 5,620 1,174 4,375 12,861 8,881 1.45 

average 107 1,068 522 5,830 1,256 4,448 13,231 9,107 1.45 
13.33 
 

2-5a 73 1,461 1,500 7,970 2,370 3,061 16,435 14,430 1.14 
 74 1,438 1,485 8,110 2,640 2,671 16,418 14,430 1.14 

2-5b 1,152 1,461 2,431 1,767 2,523 2,540 11,874 16,582 0.72 
 81 1,419 2,403 1,764 2,798 2,215 10,680 16,582 0.64 

average 345 1,445 1,955 4,903 2,583 2,622 13,852 15,506 0.91 
13.50 
 

2-6a 81 1,445 2,414 1,778 1,158 1,120 7,995 7,458 1.07 
 81 1,495 2,466 1,798 1,405 1,233 8,478 7,458 1.14 

2-6b 86 1,456 2,402 1,779 2,528 834 9,085 10,221 0.89 
 84 1,468 2,404 1,776 2,743 1,035 9,509 10,221 0.93 

average 83 1,466 2,422 1,783 1,958 1,055 8,767 8,839 1.01 
13.67 2-7a 149 1,663 2,662 2,419 5,123 1,886 13,901 14,700 0.95 

 90 1,510 2,662 2,264 3,038 654 10,217 14,700 0.70 
2-7a 93 1,587 2,530 2,314 3,518 961 11,002 15,592 0.71 

 94 1,594 2,564 2,331 3,688 1,253 11,524 15,592 0.74 
average 106 1,589 2,605 2,332 3,841 1,189 11,661 15,146 0.77 
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Table I.1 The Concentration of Different Fe Minerals in Upper Zone determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
13.83 
 

2-8a 88 1,694 2,916 2,553 5,335 2,285 14,870 18,431 0.81 

 86 1,781 3,064 2,638 5,813 2,896 16,277 18,431 0.88 

2-8b 114 2,558 6,306 3,301 7,793 5,455 25,527 30,049 0.85 

 115 2,008 6,855 3,533 9,210 2,499 24,220 30,049 0.81 

average 101 2,010 4,785 3,006 7,038 3,283 20,223 24,240 0.84 

14.00 
 

2-9a 91 1,676 2,930 1,993 2,113 3,040 11,842 11,943 0.99 

 94 1,820 3,060 2,052 3,650 3,058 13,734 11,943 1.15 

2-9b 92 1,616 2,636 1,913 3,695 2,097 12,049 12,581 0.96 

 95 1,650 2,678 1,929 3,820 2,483 12,654 12,581 1.01 

average 93 1,691 2,826 1,972 3,319 2,669 12,570 12,262 1.03 

14.17 
 

2-10a 95 1,603 2,617 2,160 3,220 2,141 11,836 12,438 0.95 

 97 1,578 2,545 2,110 2,795 1,491 10,616 12,438 0.85 

2-10b 102 1,640 2,709 2,154 3,478 2,447 12,529 16,638 0.75 

 95 1,689 2,730 2,170 4,280 2,621 13,585 16,638 0.82 

average 97 1,628 2,650 2,149 3,443 2,175 12,142 14,538 0.84 

14.33 
 

2-11a 138 682 1,792 3,013 4,220 2,506 12,351 19,050 0.65 

 139 651 1,765 3,002 4,248 2,498 12,302 19,050 0.65 

2-11b 139 666 1,831 3,007 1,895 2,119 9,657 13,942 0.69 

 138 621 1,701 2,583 1,697 1,801 8,541 13,942 0.61 

average 139 655 1,772 2,901 3,015 2,231 10,713 16,496 0.65 

14.50 
 

3-1a 138 810 2,014 3,568 2,197 2,457 11,183 13,021 0.86 

 137 688 1,775 2,928 1,910 1,904 9,341 13,021 0.72 

3-1b 137 744 1,839 3,139 1,951 2,359 10,169 14,630 0.70 

 135 623 1,663 2,674 1,637 1,699 8,430 14,630 0.58 

average 137 716 1,823 3,077 1,924 2,105 9,781 13,826 0.71 
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Table I.1 The Concentration of Different Fe Minerals in Upper Zone determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) 
Fe(II/III) 

(ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
14.67 
 

3-2a 136 828 1,945 3,589 2,084 2,564 11,146 15,915 0.70 

 136 701 1,738 2,863 1,816 1,949 9,202 15,915 0.58 

3-2b 137 698 1,791 4,839 1,839 1,949 11,253 14,122 0.80 

 136 723 1,755 3,189 1,870 2,063 9,735 14,122 0.69 

average 136 737 1,807 3,620 1,902 2,131 10,334 15,018 0.69 

14.83 
 

3-3a 139 873 2,237 5,337 2,717 3,383 14,686 16,684 0.88 

 140 908 2,152 4,104 2,568 2,928 12,800 16,684 0.77 

3-3b 135 869 2,073 3,569 2,268 2,860 11,773 18,046 0.65 

 133 910 2,086 3,507 2,423 3,184 12,243 18,046 0.68 

average 137 890 2,137 4,129 2,494 3,089 12,875 17,365 0.74 

15.00 
 

3-4a 133 754 1,776 2,645 1,959 2,537 9,804 18,511 0.53 

 130 779 1,803 2,976 2,252 2,681 10,621 18,511 0.57 

3-4b 133 815 1,864 2,933 2,267 2,991 11,003 18,261 0.60 

 132 797 1,783 2,613 2,115 2,422 9,862 18,261 0.54 

average 132 786 1,807 2,792 2,148 2,658 10,322 18,386 0.56 
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Table I.2 The Concentration of Different Fe Minerals in Zone 1 determined with A Six-Step Sequential Extraction 

DBS (m) Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite

, hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 

6.35 

6-3a 392 5,770 1,412 8,780 13,616 10,106 40,076 35,910 1.12 

391 4,920 1,189 10,020 11,074 8,654 36,248 35,910 1.01 

6-3b 350 3,970 606 9,210 11,232 6,922 32,290 28,410 1.14 

355 4,270 954 10,320 9,914 7,214 33,027 28,410 1.16 
average 372 4,733 1,040 9,583 11,459 8,224 35,410 32,160 1.10 

6.40 

6-4a 330 6,100 1,855 10,260 10,860 10,242 39,647 29,196 1.36 

345 5,590 1,862 10,640 13,000 11,318 42,755 29,196 1.46 

6-4b 325 7,060 7,250 11,340 10,580 8,738 45,293 31,649 1.43 

339 8,070 8,180 11,510 10,585 7,792 46,476 31,649 1.47 
average 335 6,705 4,787 10,938 11,256 9,523 43,543 30,423 1.43 

6.45 

6-5a 220 9,000 4,800 9,070 4,290 9,070 36,450 32,548 1.12 

234 8,250 3,400 15,260 4,880 11,820 43,844 32,548 1.35 

6-5b 192 8,860 5,200 5,580 5,930 7,600 33,362 35,139 0.95 

227 9,340 6,500 5,430 4,850 8,850 35,197 35,139 1.00 
average 218 8,863 4,975 8,835 4,988 9,335 37,213 33,843 1.10 

6.50 

6-6a 232 6,440 3,100 14,800 5,150 13,640 43,362 24,876 1.74 

276 7,080 2,600 17,580 5,650 14,500 47,686 24,876 1.92 

6-6b 273 8,200 6,500 7,640 6,070 9,870 38,553 31,645 1.22 

286 8,710 6,000 8,910 6,410 10,140 40,456 31,645 1.28 
average 267 7,608 4,550 12,233 5,820 12,038 42,514 28,260 1.54 

6.55 

6-7a 121 2,840 2,521 12,350 5,190 9,010 32,032 33,239 0.96 

139 2,680 1,188 16,810 5,600 12,400 38,817 33,239 1.17 

6-7a 145 2,780 1,824 14,730 5,810 10,630 35,919 30,675 1.17 

170 4,240 4,431 22,900 5,910 17,240 54,891 30,675 1.79 
average 144 3,135 2,491 16,698 5,628 12,320 40,415 31,957 1.27 
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Table I.2 The Concentration of Different Fe Minerals in Zone 1 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhot
ite 

Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 

6.61 

6-8a 279 7,090 5,001 15,030 6,690 15,340 49,430 40,969 1.21 

 291 7,140 6,540 13,540 7,220 14,270 49,001 40,969 1.20 

6-8b 268 8,690 5,196 14,520 6,740 13,180 48,594 43,116 1.13 

 297 8,300 6,410 15,340 6,690 12,670 49,707 43,116 1.15 
average 284 7,805 5,787 14,608 6,835 13,865 49,183 42,043 1.17 

6.65 

6-9a 232 8,590 9,360 9,900 8,510 13,860 50,452 44,218 1.14 

 225 8,220 8,010 9,520 9,030 14,460 49,465 44,218 1.12 

6-9b 196 8,070 7,160 16,080 10,130 13,970 55,606 39,393 1.41 

 222 7,720 7,110 16,100 7,820 16,900 55,872 39,393 1.42 
average 219 8,150 7,910 12,900 8,873 14,798 52,849 41,806 1.27 

6.71 

6-10a 295 9,260 10,700 10,140 8,880 9,520 48,795 51,208 0.95 

 306 16,150 11,750 11,210 11,490 10,370 61,276 51,208 1.20 

6-10b 359 8,860 10,420 11,050 13,630 11,120 55,439 54,343 1.02 

 391 9,170 11,050 10,720 10,870 10,610 52,811 54,343 0.97 
average 338 10,860 10,980 10,780 11,218 10,405 54,580 52,775 1.04 

6.76 

6-11a 104 4,680 5,850 9,080 7,850 9,490 37,054 43,749 0.85 

 117 3,560 4,740 8,130 6,240 5,760 28,547 43,749 0.65 

6-11b 134 5,810 7,040 9,710 13,580 8,950 45,224 45,311 1.00 

 140 5,350 5,680 8,390 9,970 7,160 36,690 45,311 0.81 
average 124 4,850 5,828 8,828 9,410 7,840 36,879 44,530 0.83 

6.81 

7-1a 170 7,910 6,820 9,160 10,290 9,580 43,930 43,918 1.00 

 168 8,250 5,150 9,240 14,270 10,340 47,418 43,918 1.08 

7-1b 177 9,630 6,350 10,070 13,920 12,590 52,737 37,799 1.40 

 194 7,770 6,780 9,590 16,030 11,670 52,034 37,799 1.38 

average 177 8,390 6,275 9,515 13,628 11,045 49,030 40,858 1.21 
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Table I.2 The Concentration of Different Fe Minerals in Zone 1 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

 Ion 
exchangeabl

e Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhot
ite 

Total Fe XRF 

 
Fe(II) (ug/g) 

Fe(II) 
(ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 

6.83 

7-2a 
 

120 4,590 5,270 9,830 12,930 13,000 45,740 26,970 1.70 

 
 

207 5,330 5,970 10,600 15,630 12,310 50,047 26,970 1.86 

7-2b 
 

246 6,050 5,780 10,570 13,690 12,810 49,146 33,225 1.48 

 
 

261 6,150 7,170 10,650 14,850 12,650 51,731 33,225 1.56 

average 
 

209 5,530 6,048 10,413 14,275 12,693 49,166 30,098 1.65 

6.91 

7-3a 
 

333 6,980 6,920 10,460 14,710 12,610 52,013 38,386 1.35 

 
 

384 7,630 7,130 10,640 17,380 13,570 56,734 38,386 1.48 

7-3b 
 

378 8,270 8,010 10,790 14,700 13,500 55,648 39,089 1.42 

 
 

416 8,910 8,640 11,010 14,080 13,820 56,876 39,089 1.46 

average 
 

378 7,948 7,675 10,725 15,218 13,375 55,318 38,738 1.43 
 

 

  

135 



 
 

 

Table I.3 The Concentration of Different Fe Minerals in Zone 2 determined with A Six-Step Sequential Extraction  

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
31.00 
 

11-2a 199 2,560 4,090 4,760 38,700 6,060 56,369 47,964 1.18 

 184 2,480 3,710 4,490 20,070 5,550 36,484 47,964 0.76 

11-2b 193 2,700 4,110 4,710 22,950 6,100 40,763 34,983 1.17 

 206 2,710 4,080 4,790 26,990 5,700 44,476 34,983 1.27 

average 196 2,613 3,998 4,688 27,178 5,853 44,523 41,473 1.09 

31.17 
 

11-3a 237 3,380 4,020 4,460 16,720 5,460 34,277 33,889 1.01 

 250 3,740 4,570 4,600 19,380 5,600 38,140 33,889 1.13 

11-3b 253 3,980 4,760 4,690 23,530 5,730 42,943 37,385 1.15 

 282 3,540 4,090 4,770 20,820 5,570 39,072 37,385 1.05 

average 256 3,660 4,360 4,630 20,113 5,590 38,608 35,637 1.08 

31.33 
 

11-4a 108 5,800 3,120 6,730 14,800 6,760 37,318 20,390 1.83 

 108 5,890 3,185 6,870 14,910 6,610 37,573 20,390 1.84 

11-4b 112 5,870 3,175 6,730 12,900 6,660 35,447 37,788 0.94 

 112 6,030 3,220 6,760 13,060 6,880 36,062 37,788 0.95 

average 110 5,898 3,175 6,773 13,918 6,728 36,600 29,089 1.39 

31.50 
 

11-5a 116 5,990 6,830 7,060 22,360 6,810 49,166 38,416 1.28 

 118 6,190 6,880 7,260 24,210 7,030 51,688 38,416 1.35 

11-5b 125 7,320 10,960 9,530 24,000 6,950 58,885 43,021 1.37 

 119 6,340 7,040 7,100 23,940 6,810 51,349 43,021 1.19 

average 119 6,460 7,928 7,738 23,628 6,900 52,772 40,718 1.30 

31.67 
 

11-6a 146 7,090 620 490 28,510 3,950 40,806 52,847 0.77 

 146 7,170 530 730 25,960 6,660 41,196 52,847 0.78 

11-6a 142 6,970 390 800 23,960 5,820 38,082 53,506 0.71 

 141 7,060 420 960 22,440 3,550 34,571 53,506 0.65 

average 144 7,073 490 745 25,218 4,995 38,664 53,176 0.73 
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Table I.3 The Concentration of Different Fe Minerals in Zone 2 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
31.83 
 

11-7a 144 7,130 360 770 28,760 5,250 42,414 51,026 0.83 

 144 7,040 360 580 27,670 4,520 40,314 51,026 0.79 

11-7b 145 7,030 260 470 22,270 1,170 31,345 35,609 0.88 

 147 7,220 290 430 20,760 460 29,307 35,609 0.82 

average 145 7,105 318 563 24,865 2,850 35,845 43,318 0.83 

32.00 
 

11-8a 244 4,160 5,740 12,050 14,970 4,980 42,144 38,834 1.09 

 244 4,220 5,910 11,500 15,730 4,990 42,594 38,834 1.10 

11-8b 289 4,810 6,180 12,680 23,030 5,250 52,239 53,982 0.97 

 256 4,500 6,050 12,000 13,670 4,910 41,386 53,982 0.77 

average 258 4,423 5,970 12,058 16,850 5,033 44,591 46,408 0.98 

32.17 
 

11-9a 237 4,310 6,030 11,590 9,540 4,990 36,697 23,964 1.53 

 285 4,720 3,150 12,050 15,040 5,270 40,515 23,964 1.69 

11-9b 252 4,500 3,055 11,590 9,340 5,090 33,827 22,777 1.49 

 271 4,650 3,130 11,320 9,090 5,160 33,621 22,777 1.48 

average 261 4,545 3,841 11,638 10,753 5,128 36,165 23,370 1.55 

32.33 
 

11-10a 183 4,200 3,110 11,370 9,310 5,130 33,303 32,418 1.03 

 193 4,230 3,165 12,210 12,220 5,210 37,228 32,418 1.15 

11-10b 199 4,180 3,140 11,850 10,080 5,260 34,709 28,726 1.21 

 211 4,380 3,245 11,890 9,880 5,440 35,046 28,726 1.22 

average 197 4,248 3,165 11,830 10,373 5,260 35,072 30,572 1.15 

32.50 
 

11-11a 310 5,090 3,245 11,470 8,030 5,260 33,405 27,795 1.20 

 278 4,840 3,285 10,410 5,830 5,370 30,013 27,795 1.08 

11-11b 326 5,220 3,310 11,780 8,570 5,370 34,576 27,367 1.26 

 359 5,500 3,355 12,310 11,730 5,520 38,774 27,367 1.42 

average 318 5,163 3,299 11,493 8,540 5,380 34,192 27,581 1.24 
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Table I.3 The Concentration of Different Fe Minerals in Zone 2 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
32.83 
 

12-2a 264 4,750 3,320 1,077 12,240 389 22,040 24,418 0.90 

 274 4,690 3,345 1,094 10,510 419 20,332 24,418 0.83 

12-2b 292 4,910 3,415 9,680 11,150 5,570 35,017 21,402 1.64 

 299 4,930 3,475 10,200 12,190 5,680 36,774 21,402 1.72 

average 282 4,820 3,389 5,513 11,523 3,015 28,541 22,910 1.27 

33.00 
 

12-3a 308 5,030 3,475 12,250 9,500 5,610 36,173 19,278 1.88 

 329 5,140 3,475 11,720 9,350 5,610 35,624 19,278 1.85 

12-3b 343 5,270 3,560 12,020 9,690 5,710 36,593 21,462 1.71 

 342 5,300 3,575 12,220 10,870 5,750 38,057 21,462 1.77 

average 331 5,185 3,521 12,053 9,853 5,670 36,612 20,370 1.80 

33.17 
 

12-4a 80 446 890 578 19,080 2,440 23,514 18,087 1.30 

 71 607 1,097 1,049 13,170 1,571 17,565 18,087 0.97 

12-4b 74 1,091 1,259 1,123 20,700 1,866 26,113 35,726 0.73 

 70 1,143 1,445 1,171 24,360 3,401 31,590 35,726 0.88 

average 74 822 1,173 980 19,328 2,320 24,696 26,907 0.97 

33.33 
 

12-5a 77 524 866 1,164 16,030 911 19,572 24,119 0.81 

 71 530 902 1,111 17,430 1,816 21,860 24,119 0.91 

12-5b 73 525 881 1,082 16,460 1,355 20,376 19,575 1.04 

 70 545 886 1,342 16,080 648 19,571 19,575 1.00 

average 73 531 884 1,175 16,500 1,183 20,345 21,847 0.94 

33.50 
 

12-6a 171 1,293 1,068 1,013 12,870 1,259 17,674 19,037 0.93 

 174 1,344 1,099 1,024 11,760 1,460 16,861 19,037 0.89 

12-6a 115 788 824 936 10,610 150 13,423 18,857 0.71 

 123 788 842 973 10,930 148 13,804 18,857 0.73 

average 146 1,053 958 987 11,543 754 15,441 18,947 0.81 
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Table I.3 The Concentration of Different Fe Minerals in Zone 2 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
33.67 
 

12-7a 78 614 883 981 12,120 153 14,829 13,709 1.08 

 80 624 894 991 13,570 144 16,303 13,709 1.19 

12-7b 86 687 883 980 12,250 243 15,129 13,709 1.10 

 118 674 890 1,022 11,260 152 14,116 13,709 1.03 

average 90 650 888 994 12,300 173 15,094 13,709 1.10 

33.83 
 

12-8a 76 622 840 970 8,540 110 11,158 8,781 1.27 

 77 647 854 984 9,030 126 11,718 8,781 1.33 

12-8b 80 646 892 1,023 9,960 189 12,790 9,786 1.31 

 82 658 876 1,101 9,850 268 12,835 9,786 1.31 

average 79 643 866 1,020 9,345 173 12,125 9,284 1.31 

34.00 
 

12-9a 83 689 881 960 8,840 119 11,572 7,794 1.48 

 82 688 895 988 8,870 136 11,659 7,794 1.50 

12-9b 81 702 907 991 9,360 138 12,179 8,837 1.38 

 83 692 920 993 9,410 139 12,237 8,837 1.38 

average 82 693 901 983 9,120 133 11,912 8,316 1.44 

34.17 
 

12-10a 90 854 349 7,070 288 466 9,117 8,642 1.06 

 90 863 397 6,900 296 479 9,025 8,642 1.04 

12-10b 92 850 316 5,120 257 476 7,111 5,625 1.26 

 95 866 325 5,170 280 493 7,229 5,625 1.29 

average 92 858 347 6,065 280 479 8,121 7,133 1.16 

34.33 
 

12-11a 96 894 446 9,120 346 517 11,419 11,952 0.96 

 96 900 465 9,570 377 539 11,947 11,952 1.00 

12-11b 101 950 587 12,810 429 571 15,448 18,352 0.84 

 99 993 624 14,320 441 565 17,042 18,352 0.93 

average 98 934 531 11,455 398 548 13,964 15,152 0.93 
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Table I.4 The Concentration of Different Fe Minerals in Zone 3 determined with A Six-Step Sequential Extraction  

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
48.00 
 

19-10a 132 89 601 1,639 651 338 3,450 5,539 0.62 

 132 93 601 1,849 651 348 3,673 5,539 0.66 

19-10b 132 75 601 2,003 651 332 3,794 4,476 0.85 

 132 83 667 2,051 651 131 3,714 4,476 0.83 

average 132 85 618 1,886 651 287 3,658 5,007 0.74 

48.17 
 

19-11a 121 283 282 542 5,220 2 6,449 13,872 0.46 

 127 303 294 538 6,214 2 7,478 13,872 0.54 

19-11b 128 235 216 489 4,886 2 5,956 7,373 0.81 

 124 233 203 477 4,418 2 5,457 7,373 0.74 

average 125 264 249 511 5,185 2 6,335 10,623 0.64 

48.33 
 

20-1a 189 294 1,097 650 11,545 2 13,777 16,092 0.86 

 197 286 1,103 598 12,800 2 14,986 16,092 0.93 

20-1b 166 266 1,103 624 12,120 2 14,280 15,876 0.90 

 166 256 1,098 602 11,945 2 14,069 15,876 0.89 

average 180 276 1,100 618 12,103 2 14,278 15,984 0.89 

48.50 
 

20-2a 237 380 1,465 2,776 22,835 2 27,695 52,668 0.53 

 239 395 1,509 2,879 25,025 2 30,050 52,668 0.57 

20-2b 246 381 1,429 2,658 22,370 2 27,086 44,394 0.61 

 264 388 1,446 2,633 25,390 2 30,124 44,394 0.68 

average 247 386 1,462 2,737 23,905 2 28,739 48,531 0.60 

48.67 
 

20-3a 117 225 1,067 511 4,428 2 6,350 9,187 0.69 

 124 223 1,066 499 5,156 2 7,069 9,187 0.77 

20-3a 119 217 1,058 466 4,844 2 6,706 8,024 0.84 

 122 213 1,051 459 4,074 2 5,921 8,024 0.74 

average 120 219 1,061 484 4,626 2 6,512 8,605 0.76 
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Table I.4 The Concentration of Different Fe Minerals in Zone 3 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
48.83 
 

20-4a 118 217 241 414 4,032 2 5,024 4,703 1.07 

 119 213 231 102 4,400 2 5,068 4,703 1.08 

20-4b 119 215 221 102 3,778 2 4,437 4,521 0.98 

 118 214 227 102 3,900 2 4,563 4,521 1.01 

average 119 215 230 180 4,028 2 4,773 4,612 1.03 

49.00 
 

20-5a 120 248 225 102 2,002 2 2,700 4,178 0.65 

 120 231 224 102 2,248 2 2,928 4,178 0.70 

20-5b 119 222 209 102 2,020 2 2,674 5,074 0.53 

 116 362 226 102 2,002 2 2,811 5,074 0.55 

average 119 266 221 102 2,068 2 2,778 4,626 0.61 

49.17 
 

20-6a 213 274 502 17,550 2,872 1,010 22,422 64,338 0.35 

 206 290 588 21,160 3,209 1,010 26,463 64,338 0.41 

20-6b 200 289 437 17,650 3,040 1,010 22,626 30,527 0.74 

 200 262 413 15,530 2,972 1,010 20,387 30,527 0.67 

average 205 279 485 17,973 3,023 1,010 22,975 47,432 0.54 

49.33 
 

20-7a 200 227 2,029 34,210 6,628 11,020 54,314 78,817 0.69 

 200 213 2,049 34,320 10,274 11,850 58,906 78,817 0.75 

20-7b 200 218 1,970 38,120 10,654 9,920 61,082 90,130 0.68 

 200 219 1,957 40,950 9,081 8,301 60,708 90,130 0.67 

average 200 219 2,001 36,900 9,159 10,273 58,753 84,473 0.70 

49.50 
 

20-8a 704 100 500 358 522 3,482 5,666 12,306 0.46 

 722 100 500 281 547 2,748 4,898 12,306 0.40 

20-8b 738 100 500 811 541 2,847 5,537 10,121 0.55 

 729 100 500 493 565 2,620 5,008 10,121 0.49 

average 724 100 500 486 544 2,924 5,277 11,214 0.48 
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Table I.4 The Concentration of Different Fe Minerals in Zone 3 determined with A Six-Step Sequential Extraction (Continued) 

DBS 
(m) 

Sample 
Number 

Ion 
exchangeable 

Fe 

Siderite Amorphous Fe Goethite, 
lepidocrocite, 

hematite 

Magnetite Pyrite/Pyrrhotite Total Fe XRF 

Fe(II) (ug/g) Fe(II) (ug/g) Fe(II) and Fe(III) (ug/g) Fe(III) (ug/g) Fe(II/III) (ug/g) Fe(II) (ug/g) Fe (ug/g) ppm ratio 
49.67 
 

20-9a 339 212 500 7,370 589 1,010 10,021 9,059 1.11 

 415 218 500 6,434 580 1,010 9,157 9,059 1.01 

20-9b 367 292 1,450 7,662 600 1,010 11,382 16,006 0.71 

 342 256 1,002 8,390 580 1,010 11,579 16,006 0.72 

average 366 245 863 7,464 587 1,010 10,535 12,533 0.89 

49.83 
 

20-10a 640 8,920 1,526 5,978 553 1,010 18,627 40,494 0.46 

 506 11,240 2,714 3,544 500 1,010 19,514 40,494 0.48 

20-10b 807 7,200 1,332 12,620 675 1,010 23,644 26,741 0.88 

 781 10,020 1,536 12,710 668 1,034 26,749 26,741 1.00 

average 684 9,345 1,777 8,713 599 1,016 22,134 33,618 0.71 

50.00 
 

20-11a 596 5,040 8,630 25,420 927 1,010 41,623 52,526 0.79 

 457 4,700 8,955 30,200 1,090 1,024 46,426 52,526 0.88 

20-11b 464 4,660 9,120 15,040 649 1,023 30,956 33,295 0.93 

 246 5,860 9,945 13,442 621 1,024 31,138 33,295 0.94 

average 441 5,065 9,163 21,026 822 1,020 37,536 42,911 0.89 
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APPENDIX J 

GAS CHROMATOGRAPH DATA OF 1,4-DICHLOROBENZENE, 
TETRACHLOROETHYLENE, TRICHLOROETHYLENE CONCENTRATIONS  
 

The concentrations of 1,4-dichlorobenzene, and its byproduct, chlorobenzene, benzene in 

the sediment slurry sample have been measured with purge and trap gas chromatograph - 

photoionization detector (P&T GC-PID). The peak area of these compounds was 

interpretated with external 5-points calibration curve. The peak area, concentration, and 

residual fraction for 1,4-dichlorobenzene measured by GC-MS is provided in the following 

Tables J.1 to J.5.  

Then concentrations of tetrachloroethylene (PCE), trichlorobenzene (TCE) and its 

byproducts in the sediment slurry were measured in the headspace of each 40 mL sample 

container. The peak area, concentration, and natural logarithm values of PCE and TCE 

measured by gas chromatograph-mass spectrometry (GC-MS) were listed in Tables J.6 to 

J.15. 

 

Table J.1 Peak Area of 1,4-Dichlorobenzene Measured by P&T GC in the Controlled 
Groups  

Sample Intervals (hours) 

0 17 24 41 48 67 97 

Blank 

a 169,011,301 167,087,693  190,343,081  174,242,613 176,581,181 

b 188,525,004 148,713,828  192,144,431  196,582,169 188,753,327 

Average 178,768,153 157,900,761  191,243,756  185,412,391 182,667,254 

Pyrite 

a 188,525,004 183,685,189 197,671,359 189,872,228 177,530,577 199,480,627 190,981,816 

b 193,241,900 208,978,182 188,855,575 222,187,424 185,740,504 221,475,207 178,348,176 

Average 190,883,452 196,331,686 193,263,467 206,029,826 181,635,541 210,477,917 184,664,996 

Siderite 

a 193,241,900 193,791,792 190,539,718 187,602,017 212,750,456 179,717,080 218,735,323 

b 169,011,301 193,433,558 190,539,718 207,869,098 202,749,179 179,750,551 200,146,852 

Average 181,126,601 193,612,675 190,539,718 197,735,558 207,749,818 179,733,816 209,441,088 
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Table J.2 Concentrations of 1,4-Dichlorobenzene (mg L-1) and the Residual Fraction in 
the Controlled Groups   

Sample Intervals (hours)   
0 17 24 41 47.5 67 97 

Blank 

a 8.40 8.30  9.55  8.66 8.77 

b 9.37 7.39  9.43  9.77 9.38 

Average 8.88 7.85  9.49  9.21 9.07 

Residual fraction 1.00 0.88  1.07  1.04 1.02 

Pyrite 

a 9.37 9.13 9.82 11.04 8.82 9.91 9.49 

b 9.60 10.38 9.38 9.32 9.23 11.00 8.86 

Average 9.48 9.75 9.60 10.18 9.03 10.46 9.18 

Residual fraction 1.00 1.03 1.01 1.07 0.95 1.10 0.97 

Siderite 

a 9.60 9.63 9.47 10.33 10.57 8.93 10.87 

b 8.40 9.61 9.47 9.46 10.07 8.93 9.94 

Average 9.00 9.62 9.47 9.89 10.32 8.93 10.41 

Residual fraction 1.00 1.07 1.05 1.10 1.15 0.99 1.16 



 
 

  

Table J.3 Peak Area of 1,4-Dichlorobenzene Measured by P&T GC in the Sediment Groups 
  

Sample Intervals (hours) 
  

0 4 20 25 48.5 66 72 90 95 138 

Upper 
Zone 

a 226,075,692 190,117,010 189,978,805 170,938,705 179,869,328 172,226,711 143,221,954 134,110,379 119,231,723 127,880,662 

b 237,397,532 218,339,742 116,002,387 196,888,247 186,993,050 173,569,914 139,594,843 142,746,127 142,083,719 127,104,150 

Average 231,736,612 204,228,376 152,990,596 183,913,476 183,431,189 172,898,313 141,408,399 138,428,253 130,657,721 127,492,406 

Zone 1a 

a 237,582,175 231,169,780 176,153,168 - 168,356,538 170,244,553 146,621,974 137,565,063 131,563,900 133,426,396 

b 248,088,910 210,727,322 186,821,674 189,457,527 166,477,815 154,067,513 144,365,031 131,399,943 135,131,743 129,404,206 

Average 242,835,543 220,948,551 181,487,421 189,457,527 167,417,177 162,156,033 145,493,503 134,482,503 133,347,822 131,415,301 

Zone 1b 

a 224,076,858 213,030,281 195,908,419 182,983,976 171,618,960 164,182,340 147,185,093 130,359,030 124,028,186 122,618,088 

b 229,912,823 207,240,743 191,579,343 177,908,587 172,730,192 161,180,989 141,027,323 141,864,790 133,070,565 125,567,114 

Average 226,994,841 210,135,512 193,743,881 180,446,282 172,174,576 162,681,665 144,106,208 136,111,910 128,549,376 124,092,601 

Zone 3 

a 227,701,258 205,008,841 189,007,056 178,090,795 150,840,732 166,781,064 139,766,829 137,747,192 109,925,020 125,095,544 

b 257,353,909 235,474,353 185,014,812 195,297,460 165,898,476 155,848,848 146,160,464 140,929,398 127,840,450 125,952,803 

Average 242,527,584 220,241,597 187,010,934 186,694,128 158,369,604 161,314,956 142,963,647 139,338,295 118,882,735 125,524,174 
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Table J.4 Concentration of 1,4-Dichlorobenzene (mg L-1) and Residual Fraction of the Sediment Groups 

  Sample Intervals (hours) 
  0 4 20 25 48.5 66 72 90 95 138 

Upper 
Zone 

a 28.82 24.24 24.22 21.79 22.93 21.96 18.26 17.10 15.20 16.30 

b 30.27 27.84 14.79 25.10 23.84 22.13 17.80 18.20 18.12 16.21 

Average 29.55 26.04 19.51 23.45 23.39 22.04 18.03 17.65 16.66 16.26 

Residual fraction 1.00 0.88 0.66 0.79 0.79 0.75 0.61 0.60 0.56 0.55 

Zone 1a 

a 30.29 29.47 22.46 24.83 21.47 21.71 18.69 17.54 16.77 17.01 

b 31.63 26.87 23.82 24.16 21.23 19.64 18.41 16.75 17.23 16.50 

Average 30.96 28.17 23.14 24.49 21.35 20.67 18.55 17.15 17.00 16.76 

Residual fraction 1.00 0.91 0.75 0.79 0.69 0.67 0.60 0.55 0.55 0.54 

Zone 1b 

a 28.57 27.16 24.98 23.33 21.88 20.93 18.77 16.62 15.81 15.63 

b 29.31 26.42 24.43 22.68 22.02 20.55 17.98 18.09 16.97 16.01 

Average 28.94 26.79 24.70 23.01 21.95 20.74 18.37 17.35 16.39 15.82 

Residual fraction 1.00 0.93 0.85 0.79 0.76 0.72 0.63 0.60 0.57 0.55 

Zone 3 

a 29.03 26.14 24.10 22.71 19.23 21.26 17.82 17.56 14.02 15.95 

b 32.81 30.02 23.59 24.90 21.15 19.87 18.64 17.97 16.30 16.06 

Average 30.92 28.08 23.84 23.80 20.19 20.57 18.23 17.77 15.16 16.00 

Residual fraction 1.00 0.91 0.77 0.77 0.65 0.67 0.59 0.57 0.49 0.52 
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Table J.5 Concentration of 1,4-Dichlorobenzene in the 138 h Last Collecting Point 
(Directly Measured in the Aqueous Phase and Extracted from Solid Phase) from the 
Sediment Groups 

  Sediment Aqueous and Gas Total 

Upper 
Zone 

a 3.91 16.30 20.21 
b 3.65 16.21 19.85 
Average 3.78 16.26 20.03 
Residual fraction 0.13 0.55 0.68 

Zone 1a 

a 6.22 17.01 23.23 
b 6.01 16.50 22.51 
Average 6.11 16.76 22.87 
Residual fraction 0.20 0.54 0.74 

Zone 1b 

a 8.35 15.63 23.99 
b 7.41 16.01 23.42 
Average 7.88 15.82 23.70 
Residual fraction 0.27 0.55 0.82 

Zone 3 

a 6.70 15.95 22.64 
b 6.88 16.06 22.93 
Average 6.79 16.00 22.79 
Residual fraction 0.22 0.52 0.74 

 

 

  



 
 

148 

Table J.6 Peak Area of Tetrachloroethylene Measured by GC-MS in the Controlled 
Groups  

Sample Intervals (hours) 

0 14 21 41 65 89 

Blank 

a 22,851,176 21,809,766 21,525,820 21,942,490 18,711,272 20,171,489 

b 21,484,406 21,081,331 20,557,794 20,255,354 20,640,685 19,182,220 

Average 22,167,791 21,445,549 21,041,807 21,098,922 19,675,979 19,676,855 

Pyrite 

a 23,458,960 19,144,885 17,618,081 15,321,154 14,862,497 - 

b 16,447,415 19,782,672 17,817,306 16,866,651 17,058,203 - 

Average 19,953,188 19,463,779 17,717,694 16,093,903 15,960,350 - 

Siderite 

a 20,068,326 20,049,274 18,335,443 17,174,503 16,541,757 - 

b 19,340,294 19,794,163 17,306,068 17,377,279 16,752,266 - 

Average 19,704,310 19,921,719 17,820,756 17,275,891 16,647,012 - 

  

Table J.7 Concentrations of Tetrachloroethylene (mg L-1) Gas and Liquid Phase 
(calculated based on Henry’s Law) in the Controlled Groups  

Sample Intervals (hours) 

0 14 21 41 65 89 

Blank 

a 22.85 21.81 21.53 21.94 18.71 20.17 

b 21.48 21.08 20.56 20.26 20.64 19.18 

Average 22.17 21.45 21.04 21.10 19.68 19.68 

Pyrite 

a 23.46 19.14 17.62 15.32 14.86 - 

b 16.45 19.78 17.82 16.87 17.06 - 

Average 19.95 19.46 17.72 16.09 15.96 - 

Siderite 

a 20.07 20.05 18.34 17.17 16.54 - 

b 19.34 19.79 17.31 17.38 16.75 - 

Average 19.70 19.92 17.82 17.28 16.65 - 

 

 



 
 

 

Table J.8 Peak Area of Tetrachloroethylene Measured by GC-MS in the Sediment Groups 
 

Sample Intervals (hours) 

0 6 20 26 44 50.5 68 

Upper 
Zone 

a 23,395,043 20,565,168 18,748,452 19,285,678 17,751,128 16,701,571 15,335,278 
b 23,644,858 19,280,147 18,699,184 17,172,559 16,638,534 15,844,405 14,332,971 
Average 23,519,951 19,922,658 18,723,818 18,229,119 17,194,831 16,272,988 14,834,125 

Zone 1a 

a 24,129,994 19,169,391 18,386,638 17,182,939 17,146,565 16,143,145 16,378,817 
b 24,127,533 21,064,603 19,278,037 18,023,929 17,867,841 17,994,833 17,270,019 
Average 24,128,764 20,116,997 18,832,338 17,603,434 17,507,203 17,068,989 16,824,418 

Zone 1b 

a 20,918,199 18,723,510 17,367,637 17,775,635 16,073,653 15,604,003 15,778,793 
b 20,534,065 18,892,754 16,812,083 17,645,525 16,399,636 15,779,805 14,789,652 
Average 20,726,132 18,808,132 17,089,860 17,710,580 16,236,645 15,691,904 15,284,223 

 a 22,010,284 18,000,578 17,796,431 16,481,099 17,266,723 16,713,460 15,046,619 
Zone 3 b 24,653,996 19,740,068 18,868,751 18,307,885 19,239,966 17,601,097 15,625,235 
 Average 23,332,140 18,870,323 18,332,591 17,394,492 18,253,345 17,157,279 15,335,927 
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Table J.9 Concentrations of Tetrachloroethylene (mg L-1) in the Controlled Groups 
 

Sample Intervals (hours) 

0 6 20 26 44 50.5 68 

Upper 
Zone 

a 23.40 20.57 19.75 19.29 17.75 16.70 15.34 

b 23.64 19.28 18.70 17.17 16.64 16.84 16.33 

Average 23.52 19.92 19.22 18.23 17.19 16.77 15.83 

Zone 1a 

a 24.13 21.04 18.75 17.18 17.15 16.70 15.34 

b 24.13 22.80 18.70 17.02 17.87 15.84 14.33 

Average 24.13 21.92 18.72 17.10 17.51 16.27 14.83 

Zone 1b 

a 20.92 18.72 17.37 17.78 16.07 15.60 15.78 

b 20.53 18.89 16.81 17.65 16.40 15.78 14.79 

Average 20.73 18.81 17.09 17.71 16.24 15.69 15.28 

 a 22.01 18.00 17.80 16.48 17.27 16.71 15.05 

Zone 3 b 24.65 19.74 18.87 18.31 19.24 17.60 15.63 

 Average 23.33 18.87 18.33 17.39 18.25 17.16 15.34 
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Table J.10 Concentration of Tetrachloroethylene in the 68 h Last Collecting Point 
(Measured in the Gas, Calculated in Liquid and Extracted from Sediment) in the 
Sediment Groups 

  Sediment Aqueous and Gas Total 

Upper 
Zone 

a 1.41 15.34 16.75 
b 1.70 16.33 18.04 
Average 1.56 15.83 17.39 
Residual fraction 0.07 0.67 0.74 

Zone 1a 

a 2.68 15.34 18.02 
b 2.11 14.33 16.44 
Average 2.40 14.83 17.23 
Residual fraction 0.10 0.61 0.71 

Zone 1b 

a 1.77 15.78 17.55 
b 1.58 14.79 16.37 
Average 1.67 15.28 16.96 
Residual fraction 0.08 0.74 0.82 

Zone 3 

a 2.38 15.05 17.42 
b 1.97 15.63 17.59 
Average 2.17 15.34 17.51 
Residual fraction 0.09 0.66 0.75 
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Table J.11 Peak Area of Trichloroethylene in the Gas Phase Measured by GC-MS in the 
Controlled Groups  

Sample Intervals (hours) 

0 14 21 41 65 89 

Blank 

a 14,033,280 14,150,884 13,815,170 13,058,593 13,227,793 13,087,564 

b 13,362,849 13,145,796 13,436,264 12,936,474 12,830,277 10,556,030 

Average 13,698,065 13,648,340 13,625,717 12,997,534 13,029,035 11,821,797 

Pyrite 

a 13,761,375 12,140,098 11,251,838 10,576,172 10,092,048 - 

b 14,362,849 12,199,398 11,577,753 9,980,797 10,104,821 - 

Average 14,062,112 12,169,748 11,414,796 10,278,485 10,098,435 - 

Siderite 

a 14,110,342 12,399,631 11,168,105 10,586,890 10,785,763 - 

b 13,678,667 12,452,888 10,527,200 9,831,759 9,959,893 - 

Average 13,894,505 12,426,260 10,847,653 10,209,325 10,372,828 - 

  

Table J.12 Concentrations of Trichloroethylene (mg L-1) in Gas and Liquid Phase 
(calculated based on Henry’s Law) of the Controlled Groups  

Sample Intervals (hours) 

0 14 21 41 65 89 

Blank 

a 28.07 28.30 27.63 26.12 26.46 26.18 

b 26.73 26.29 26.87 25.87 25.66 21.11 

Average 27.40 27.30 27.25 26.00 26.06 23.64 

Pyrite 

a 27.52 24.28 22.50 21.15 20.78 - 

b 28.73 24.40 23.16 19.96 20.21 - 

Average 28.12 24.34 22.83 20.56 20.50 - 

Siderite 

a 28.22 24.80 22.34 21.17 21.57 - 

b 27.36 24.91 21.05 19.66 19.92 - 

Average 27.79 24.85 21.70 20.42 20.75 - 

 



 
 

 

Table J.13 Peak Area of Trichloroethylene Measured by GC-MS in the Sediment Groups 
 

Sample Intervals (hours) 

0 6 20 26 44 50.5 68 

Upper 
Zone 

a 14,009,453 11,416,330 10,669,359 11,379,818 10,748,388 9,981,314 10,126,082 
b 14,189,083 11,428,023 10,969,878 11,971,576 11,309,413 11,124,894 10,179,453 
Average 14,099,268 11,422,177 10,819,619 11,675,697 11,028,901 10,553,104 10,152,768 

Zone 1a 

a 14,677,157 10,521,109 11,620,334 10,532,904 10,454,255 9,931,732 9,032,670 
b 14,969,846 11,398,289 11,084,214 11,321,322 9,996,729 9,804,660 9,575,907 
Average 14,823,502 10,959,699 11,352,274 10,927,113 10,225,492 9,868,196 9,304,289 

Zone 1b 

a 13,653,492 9,477,090 9,887,163 9,753,550 9,349,517 9,386,212 8,367,574 
b 14,208,149 10,048,130 9,683,701 9,034,990 8,358,220 8,416,769 7,855,036 
Average 13,930,821 9,762,610 9,785,432 9,394,270 8,853,869 8,901,491 8,111,305 

 a 14,700,483 10,954,370 10,676,342 10,431,510 9,959,465 9,331,714 9,044,125 
Zone 3 b 14,860,361 10,780,458 11,002,901 10,363,033 9,767,859 9,781,016 9,396,039 
 Average 14,780,422 10,867,414 10,839,622 10,397,272 9,863,662 9,556,365 9,220,082 
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Table J.14 Concentrations of Trichloroethylene (mg L-1) in Gas and Liquid Phase (calculated based on Henry’s Law) of the Sediment 
Groups  

Sample Intervals (hours) 

0 6 20 26 44 50.5 68 

Upper 
Zone 

a 28.02 22.83 21.34 22.76 21.50 19.96 20.25 

b 28.38 24.86 22.94 23.94 22.62 22.25 20.36 

Average 28.20 23.84 22.14 23.35 22.06 21.11 20.31 

Zone 1a 

a 29.35 25.04 23.24 21.07 20.91 19.86 18.07 

b 29.94 22.80 22.17 22.64 19.99 19.61 19.15 

Average 29.65 23.92 22.70 21.85 20.45 19.74 18.61 

Zone 1b 

a 27.31 18.95 19.77 19.51 18.70 18.77 16.74 

b 28.42 20.10 19.37 18.07 16.72 16.83 15.71 

Average 27.86 19.53 19.57 18.79 17.71 17.80 16.22 

 a 29.40 21.91 21.35 20.86 19.92 19.46 18.09 

Zone 3 b 29.72 21.56 22.01 20.73 19.54 19.56 18.79 

 Average 29.56 21.73 21.68 20.79 19.73 19.51 18.44 
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Table J.15 Concentration of Trichloroethylene in the 68 h Last Collecting Point 
(Measured in the Gas, Calculated in Liquid and Extracted from Sediment) in the 
Sediment Groups 

  Sediment Aqueous and Gas Total 

Upper 
Zone 

a 1.98 20.25 22.24 
b 2.12 20.36 22.48 
Average 2.05 20.31 22.36 
Residual fraction 0.07 0.72 0.79 

Zone 1a 

a 2.91 18.07 20.97 
b 2.82 19.15 21.97 
Average 2.86 18.61 21.47 
Residual fraction 0.10 0.63 0.72 

Zone 1b 

a 3.68 16.74 20.42 
b 3.25 15.71 18.96 
Average 3.47 16.22 19.69 
Residual fraction 0.12 0.58 0.71 

Zone 3 

a 2.91 18.09 21.00 
b 2.41 18.79 21.20 
Average 2.66 18.44 21.10 
Residual fraction 0.09 0.62 0.71 
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