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ABSTRACT 

Iron mineral transformation occurring in hydrocarbon-contaminated sites is 

linked to the biodegradation of hydrocarbons in these environments. Magnetic 

susceptibility (MS) has been proposed as a method for the continuous monitoring of 

the natural attenuation of hydrocarbons related to iron cycling. However, at the 

National Crude Oil Spill Fate and Natural Attenuation Research Site in Bemidji, MN, 

US, elevated MS signals were found to be transient, thereby making long-term MS 

monitoring uncertain. Furthermore, the iron mineral phases acting as transformation 

reactants and products associated with this long-term decrease in MS remain largely 

unknown. To address these ambiguities, we collected detailed mineral magnetism 

measurements, including hysteresis loops, backfield curves, and isothermal remanent 

magnetizations on core samples retrieved from different depths at the site and fresh 

magnetite packs installed within the contaminated and uncontaminated aquifer. Our 

results show that the magnetite packs display decreases in saturation magnetization 

(Ms) with time, where samples within the oil pool showed a 90% decrease over an 

eleven-month period compared to 20% for samples outside the oil pool. This loss in 

magnetization was accompanied by increases in bulk coercivity (Bc) indicative of 

possible decrease in grain sizes or partial oxidation. Low temperature magnetometry 

on all samples displayed behavior consistent with magnetite, as indicated by a 

prominent Verwey transition. However, samples within the plume also showed 

smearing of the Verwey transition and a higher remanence recovery during low 

temperature thermal cycling, which we interpret as evidence for maghemitization. 



 xv 

This interpretation is supported by the occurrence of shrinkage cracks on the surface 

of the grains imaged during SEM analyses. The precipitous decrease in Ms within the 

water table fluctuation zone at the center of the plume is due to a combination of 

mineral dissolution and maghemitization. However, the center of the plume is strongly 

anoxic and would not support conventional abiotic oxidation. Here we propose that 

maghemitization is occurring within the anoxic portions of the plume via microbially 

mediated anaerobic oxidation. Microorganisms capable of such anaerobic oxidation 

have been identified within other areas at the Bemidji site, but additional 

microbiological studies are needed to link specific iron oxidizers with this loss of 

magnetization. 
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Chapter 1 

INTRODUCTION  

The cycling of iron (Fe) is an essential process that occurs in most 

environments on Earth (Markovski et al., 2017) and is associated with in the fate, 

transport, and cycling of nutrients and contaminants (Hansel et al., 2005). This 

participation of Fe in biological cycles is related to its ability to exist in a multitude of 

dissolved and solid phases, all of which respond to dynamic changes in biotic and 

abiotic conditions that may alter and/or precipitate new Fe phases (Aristovskaya, 

1974; Kappler & Bryce, 2017; Li et al., 2009). In natural environments, the abiotic 

transformation of Fe is driven by parameters such as pH, temperature, oxygen (O2), 

and the presence of particular types of organic compounds that may promote the 

oxidation, reduction or dissolution of Fe-bearing minerals and compounds (Ionescu et 

al., 2015). Biotic (microbial) transformation of Fe is carried out by a diverse group of 

bacteria or microorganisms through the process of oxidation or reduction. The 

microbial oxidation of Fe occurs through photosynthetic Fe (II) oxidation or the use of 

O2 or nitrate (NO3) as a terminal electron acceptor (Ionescu et al., 2015; L. Liu et al., 

2018). During the microbial reduction of Fe, a common pathway is the reduction of Fe 

(III) minerals such as ferrihydrite by dissimilatory iron reducing bacteria leading to the 

formation of different Fe mineral phases (e.g., goethite, lepidocrocite, green rust, and 

magnetite) (Hansel et al., 2005; Kappler et al., 2021; Markovski et al., 2017). These 

biogeochemical transformations of Fe minerals are a major feature in environments 
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such as freshwater-saltwater interfaces (McAllister et al., 2015) and hydrocarbon-

contaminated environments (Rijal et al., 2010). 

In hydrocarbon-contaminated environments, the presence of contaminants can 

alter the physiochemical and biological properties of the subsurface (Abbas et al., 

2018). These perturbations can cause both chemical and microbial imbalance, which 

may trigger abiotic and/or microbially induced transformations of Fe minerals 

(Truskewycz et al., 2019). The highly bio-reactive zones found at hydrocarbon-

contaminated sites are ideal environments for the investigation of field-scale Fe 

transformations (Atekwana et al., 2014; Atekwana & Atekwana, 2010). Several 

studies have documented Fe mineral (trans)formation in hydrocarbon-contaminated 

soils (Atekwana et al., 2014; Baedecker et al., 1992; Lovley, 1990; Rijal et al., 2010; 

2012). A common theme in these studies is the microbial transformation of Fe 

minerals, where dissimilatory iron reducing bacteria utilize carbon sources in 

hydrocarbons to reduce Fe(III) to Fe(II) (Anderson & Lovley, 2000) leading to the 

precipitation or transformation of different Fe mineral phases (Atekwana et al., 2014; 

Baedecker et al., 1992; Lovley, 1990; Rijal et al., 2010; 2012). These mineral 

transformations have a profound effect on the magnetic properties of natural sediments 

(Maxbauer et al., 2016a), and thus magnetic methods can be used to investigate and 

quantify Fe cycling. 

Magnetic susceptibility (MS) is one of the most commonly used magnetic 

tools for monitoring microbially-mediated Fe cycling (Mewafy et al., 2011; Porsch et 

al., 2010; Rijal et al., 2010; 2012). Porsch et al. (2010) noted magnetite formation by 

microorganisms during ferrihydrite reduction in laboratory experiments and concluded 

that MS can serve as a suitable tool for investigating Fe transformation, due to 
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variations in MS response by different Fe minerals. Similar studies at sites 

contaminated by hydrocarbons explored the use of MS to investigate iron mineral 

transformations and established a link between enhanced MS measurements and 

magnetite concentrations. Rijal et al. (2010) reported elevated MS values coincident 

with microbial activity at the top of the water table fluctuation zone (WTFZ) in 

hydrocarbon contaminated sediments at a former military site in Czech Republic. 

Additionally, studies by Mewafy et al. (2011) and Atekwana et al. (2014) at a 

hydrocarbon contaminated site in Bemidji, Minnesota (US) documented elevated MS 

values across the WTFZ associated with the biodegradation of hydrocarbon by 

microbes with co-precipitation of magnetite. These studies highlight the potential for 

the use of MS as a tool for investigating microbial-mediated Fe mineral 

transformations in the subsurface. 

However, continuous measurements at hydrocarbon contaminated sites show 

that MS signals are transient (Ameen et al., 2014; Lund et al., 2017). Ameen et al. 

(2014) documented decreased MS values associated with hydrocarbon degradation 

and proposed dissolution of magnetite as the cause for this loss in MS. This transient 

nature of elevated MS values has also been documented by Lund et al. (2017) at the 

Bemidji site, where MS measurements showed ~90% loss between 2011 ï 2015 

(Figure 1.1).  The ability to capture both the waxing and waning of MS signals related 

to hydrocarbon degradation demonstrates the utility of MS as a tool for investigating 

the biogeochemical cycling of Fe (Atekwana et al., 2014; Byrne et al., 2015). 

Nonetheless, there are ambiguities inherent to MS measurements that may limit their 

use, such as its nonuniqueness in characterizing the specific magnetic mineralogy, 

concentration, and grain size distribution that occurs within a sample (Liu et al., 2012). 
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Thus, our ability to use MS as a tool to investigate the biogeochemical cycling of Fe 

requires a more detailed understanding of magnetic mineralogy, their transformation 

products, and properties. 

 

Figure 1.1: Transient changes in magnetic susceptibility from the Bemidji site. MS 

was highest in 2011 and decreased by more than 90% in 2015 suggesting 

iron cycling (from Lund et al., 2017). 
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1.1 Objectives and Scope of Study 

This study investigates the iron mineral transformations associated with the 

loss of MS previously recorded at a hydrocarbon-contaminated site using magnetic 

methods that are more advanced and diagnostic than MS data alone. We build on the 

previous magnetic measurements at the Bemidji hydrocarbon-contaminated site (Lund 

et al., 2017).  

The objective of this study is to investigate the primary reaction(s) and reaction 

products at this site. This study addresses four research goals:  

1. Determine the distinct magnetic mineralogy associated with the loss in 

mineralogy from the site. 

2. Identify the transformation mechanism/reaction(s) that accounts for the 

loss in magnetization at the site. 

3. Determine the influence (if any) of microorganisms on the loss of 

magnetization at the site. 

4. Examine the possible controls for the fluctuations in magnetization at 

the site. 

 

To address these research goals mineral packets of known mineralogy were 

emplaced at different depths at the site and subsamples were periodically retrieved for 

a longitudinal study. These subsamples and core samples of natural sediments 

retrieved from the site were characterized using low temperature magnetometry and a 

variety of hysteresis and remanence measurements. This unique ability to control the 

experiment by using known reactants and making intermittent measurements to 

monitor changes in the magnetic signals and mineralogy is typically only possible in 

laboratory settings and is useful here for understanding the correlation between 
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microbial communities and iron mineral phases in nature (Byrne et al., 2015; 2016; 

Hansel et al., 2003; 2005). 
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Chapter 2 

STUDY SITE 

The study site is the National Crude Oil Spill Fate and Natural Attenuation 

Research Site in Bemidji, Minnesota located at latitude 47°34.433' N and longitude 

95°05.417' W. The site is managed by the United States Geological Survey (USGS) 

for long-term research on hydrocarbon degradation. 

2.1 Background of the Site 

In August 1979, a pipeline rupture occurred near Bemidji, Minnesota spilling 

about 1.7 million liters of oil. The oil sprayed over an area of 6500 square meters (m2) 

southwest of the pipeline (Spray zone, Figure 2.1) and subsequently pooled in low 

topographical areas and nearby wetland, covering around 2000 m2, where the oil 

infiltrated into the subsurface through the unsaturated zone to the water table resulting 

in three oil bodies named the north, middle, and south oil bodies (Figure 2.1; Delin et 

al., 1998). Cleanup efforts at the site involved pumping from surface pools (~1.1 

million liters), burning, and excavation (~200,000 liters). At the end of the cleanup 

effort in 1980 about 400,000 liters of oil remained in the ground due to oil seepage 

(Essaid et al. 2011; Cozzarelli et al. 2016; Lund et al. 2017). The site was adopted as 

the National Crude Oil Spill Fate and Natural Attenuation Research site with 

investigations beginning in 1983 for long-term research on hydrocarbon degradation 

because of the relatively remote location (Lund et al. 2017).  
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Seasonal water table fluctuations of about 1 m annually occurs across the site 

and cause free phase hydrocarbons to move up and down with the water table, causing 

adsorption of the hydrocarbons onto the aquifer solids, forming the smear zone with 

variable thickness (Atekwana et al., 2014). In the North oil body, the thickness of the 

smear zone is more than 2 m, and the maximum oil saturation is 0.74 m in the down-

gradient direction of the oil body (Essaid et al., 2011). The dissolved phase plume 

consisting of dissolved BTEX (benzene, toluene, ethylbenzene, and xylene) occurs in 

the saturated zone and migrates downgradient along the direction of groundwater flow 

(Figure 2.1). This study is located within the uncontaminated zone, free phase,  and 

dissolved phase plume of the North oil body, which has been the focus of intensive 

geochemical, microbiological, and a few geophysical studies for the past thirty years 

(Amos et al., 2012; Atekwana et al., 2014; Beaver et al., 2016; 2021; Bekins et al., 

2005; 2016; Cozzarelli et al., 2010; 2016; Heenan et al., 2017; Lund et al., 2017; 

Mewafy et al., 2011).  

In the North oil body, eight geochemical zones have been classified, five 

within the saturated zone and three within the unsaturated zone, which are broadly 

classified into the anoxic, transition and oxic zones (Figure 2.2, Baedecker et al., 

1993; Delin et al., 1998). Zone 1 is described as the uncontaminated native 

groundwater, which is aerobic with dissolved oxygen concentrations between 8 and 10 

milligrams per liter (mg/L), dissolved organic carbon is 2.8 mg/l and nitrate 

concentration is 44.8 µg/L as N and sulfate concentration is 2.9 mg/L (Bennett et al., 

1993). Zone 2 is characterized by low oxygen concentrations and high concentrations 

of total dissolved inorganic and organic carbon and lies beneath the spray zone (Delin 

et al., 1998). Zone 3 is the anoxic plume and lies beneath the floating oil body, the 
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groundwater contains high concentrations of hydrocarbons, dissolved manganese (II) 

(Mn2+), Fe (II) (Fe2+), and methane (CH4) (Delin et al., 1998). Zone 4 is the transition 

zone from anoxic to oxygenated conditions, it is characterized with low concentrations 

of hydrocarbons because of aerobic degradation processes (Delin et al., 1998). Zone 5 

contains slightly higher concentrations of dissolved BTEX (benzene, toluene, 

ethylbenzene, and xylene) constituents (Delin et al., 1998). Zone 6 has near 

atmospheric concentrations of O2 (Delin et al., 1998). Zone 7 is a transition zone with 

lower concentrations of O2 (10 ï 20%), hydrocarbon concentrations less than 1 ppm, 

and higher concentrations of CO2 (0 ï 10%) and CH4 (0 ï 10%) (Delin et al., 1998). 

Zone 8 is relatively anoxic and contains concentrations of CO2 (>10%), CH4 (>10%), 

and hydrocarbon (>1 ppm) (Delin et al., 1998). 
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Figure 2.1:  Study site showing locations of magnetite packs and core samples 

(modified from USGS, 2020). Transect A ï A' is shown in Figure 2.2. 

Mineral packets columns are shown as red circles. Core samples are 

shown as black circles for core samples retrieved in 2016 (1604), 2017 

(1713, 1709, 1714), and 2019 (1902, 1903, 1905). 

The dominant microbial population in the North oil body, which likely play a 

major role in the bioremediation of hydrocarbons at the site are hydrocarbon 

Firmicutes, iron reducing ß-Proteobacteria, Methanoregula, and Smithella (Beaver et 

al., 2016). Recent intensive microbiology studies within the free phase from the site 
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using 16S rRNA gene sequencing reveal depth zonation associated with distinct 

microbial metabolic processes (Beaver et al., 2021). The free phase oil zone is 

dominated by anaerobic bacteria, such as Smithella, Methanoregula, 

Desulfoporosinus, and Pelolinea (Beaver et al., 2021). These groups of bacteria, 

particularly Smithella and Methanoregula, play a role in the biodegradation of the free 

phase oil within this zone. Within the smear zone, Therminocola is the dominant 

microbial population, with other microorganisms such as Paenibacillus, 

Beijerjerinckia, and Coriobacteriaceae (Beaver et al., 2021). The smear zone is thus an 

iron reducing zone and is associated with observations of magnetic mineral 

enrichment and an increase in magnetic susceptibility (Atekwana et al., 2014, Lund et 

al., 2017). The lower vadose zone is the most microbially diverse zone and comprises 

methanotrophic populations - Polaromonas, iron reducers ï Geobacter, and iron 

oxidizers ï Rhodopsuedomonas (Beaver et al., 2021). Other microorganisms isolated 

within the lower vadose zone include Comamonadaceae, Methylocystis a common 

methane-oxidizer, and Devosia (Beaver et al., 2021). The upper vadose zone is an 

aerobic zone, inhabited mainly by Actinobacteria and Acidobacteria phyla, which are 

common soil bacteria (Beaver et al., 2021). 
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Figure 2.2: Characterized geochemical zones across the north oil body of the study 

site (modified from Delin et al., 1998; Cozzarelli et al., 2016). Magnetite 

pack columns are shown in red vertical lines. Core samples are shown in 

white vertical lines for core samples retrieved in 2016 (1604), 2017 

(1713, 1709, 1714), and 2019 (1902, 1905, 1903). 

2.2 Geology of the Study Site 

Figure 2.3 shows a cross section of the geology of the study site. The site 

geology consists of an approximately 20 m thick layer of moderately calcareous silty 
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sand and outwash glacial deposits overlying clayey low-permeability till of unknown 

thickness (Bennett et al. 1993). The uppermost unit of this layer consist of a 3 to 6 m 

of poorly sorted, interbedded coarse sand, gravel, and silt. Underlying is the thickest 

measurable unit (10 m) composed of sand and gravel containing laminated silt, very 

fine sand, and clay. Two well sorted fine to medium sand and an interbedded, poorly 

sorted sand sub-unit are present within the thickest unit (Figure 2.3). The average 

organic carbon content of the sediments is 0.09% with a porosity of 0.38 (Essaid et al., 

2011). 

The groundwater flow direction is towards the Northeast, and the water table 

ranges from 0 m, near an unnamed lake to a maximum depth of 11 m (Essaid et al., 

2011). The estimated recharge rates at the site varies from 0.1 to 0.3 m/year, with a 

mean annual precipitation of 0.58 m (Essaid et al., 2011). The mean annual 

temperature is about 3ęC (37.4ęF) (Essaid et al., 2011). 
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Figure 2.3: Geologic cross section of Bemidji spill site extending from Southwest to 

Northeast across the North oil body (modified from USGS, 2021). 
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Chapter 3 

METHODOLOGY  

3.1 Sampling 

Two sets of samples were obtained from the site: 

1. Samples of potentially reactive mineral standards (mineral columns) 

that had been allowed to acclimate at various depths at the Bemidji site 

(red circles; Figure 2.1 and red lines; Figure 2.2). 

2. Core samples of natural sediment retrieved from the site (black circles; 

Figure 2.1 and white lines; Figure 2.2). 

3.1.1 Mineral Packets 

The mineral columns consisting of alternating sand, ferrihydrite packets, and 

magnetite packets designed at Rutgers University (Appendix A1) were deployed 

across the smear zone and water fluctuation zone (WTFZ) at different locations within 

and outside the North oil pool, respectively. Two of the mineral columns (411 and 

534) were located within the free phase of the plume and two outside of the oil pool ï 

one was located upgradient (310), and the other was down gradient (925) of 

groundwater flow direction (Figures 2.1 and 2.2). The 411-column was deployed 

within the ñpitò (2m from the center of the oil pool), where the pit refers to a 

pronounced topographic depression located near the center of the oil pool and is an 

area of enhanced recharge and possibly microbial activity (Bekins et al., 2005). The 

534-column is located ~25m from the center of the oil pool. The magnetite packs 

consist of packets of magnetite and quartz sand (5% magnetite with an average grain 

size of 800.5µm mixed with sand of average grain size 286.2µm). The ferrihydrite 

packs consist of quartz sand coated with ferrihydrite. The 411, 534, and 310 columns 
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contains 3 magnetite and 3 ferrihydrite packs, while 925-column contains 2 magnetite 

packs and 4 ferrihydrite packs due to an error in the column preparation (Appendix 

A1B). Three (534, 411, and 925) columns were installed in November 2018 and 

retrieved from the boreholes in June 2019, October 2019, and August 2020 while 310-

column was installed in June 2019 and retrieved in October 2019 and August 2020. 

However, errors and uncertainties in the sampling for August 2020 prevented proper 

sampling of the 310 and 925 columns. Mineral packets were sampled by puncturing 

the nylon sleeve with a wooden spatula and approximately 1 gram of materials was 

removed from each mineral layer. Samples were place in a glass vial, purged with 

argon, and crimp sealed. Samples were stored at 4ęC prior to delivery to the Institute 

for Rock Magnetism at the University of Minnesota for magnetic measurements. 

Samples were maintained in a freezer prior to magnetic measurements. 

3.1.2 Core Samples 

Core samples were retrieved from 7 continuous cores acquired from different 

sites within and outside the plume in 2016, 2017, and 2019 (Figure 2.1). Five cores 

were retrieved from the free phase of the North Oil Body; one in 2016 (1604), two in 

2017 (1709 and 1713), and two in 2019 (1903, 1905). Additionally, one core was 

retrieved within the dissolved phase of the plume [2017 (1714)] and another core was 

retrieved upgradient from the plume [2019 (1902)]. Cores were retrieved via 

percussion drilling using a core barrel containing either a 2.5 to 5 cm polycarbonate 

liner that was pushed through the sediment using a stem auger. For core sections 

within the saturated zone, a sample-freezing shoe drive was used to retain water from 

the aquifer (Murphy & Herkelrath, 1996). Samples were collected at different depths 
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for each core, but the sampling density was higher during the 2019 field campaigns as 

compared to the 2016 and 2017 field campaigns (Figure 2.2). 

All core samples retrieved from the site were stored at 4ęC on ice and 

transported to the Institute for Rock Magnetism at the University of Minnesota and 

stored in a freezer prior to magnetic measurements. Portions of the original magnetite 

and ferrihydrite samples used in the packets and not deployed at the site were also 

retained and served as controls for measurements.  

3.2 Magnetic Analyses 

3.2.1 Hysteresis Loop 

The hysteresis loop is a cycle of magnetization that illustrates the complex 

relationship between magnetization (M) and magnetizing field (B) (Figure 3.1, Telford 

et al., 1990). The hysteresis loop is obtained by applying a cyclic magnetic field to a 

sample or specimen and recording the observed change in magnetization, with M 

measured in ampères square meter per kilogram (Am2/kg) and B in teslas (T) (Bertotti, 

1998). The properties obtained from the hysteresis loop are useful for determining the 

type, strength and direction of the magnetization (Cormell & Schwertmann, 2003). 

These hysteresis properties can also be used to identify the remanence carriers and the 

magnetic domain types of the particles viz. multidomain (MD), single domain (SD), 

vortex state, and superparamagnetic (SP); usually, the particle size is interpreted to 

decrease in this order (Cormell & Schwertmann, 2003). 

To obtain the hysteresis loop, the magnetization of the sample is induced by 

exposure to an external field, and the M is recorded with a magnetometer. The path of 

the hysteresis loop plot is described by Cormell & Schwertmann (2003): The plot 
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starts from a non-magnetic state with both B and M near zero (black line in Figure 

3.1), then an increase in B causes a non-linear increase in M, until M reaches a 

maximum at a high B; this is the saturation magnetization, Ms (Figure 3.1). Ms of a 

sample is the point when all the magnetic moments of the sample are oriented in 

parallel and an increase in B does not cause further increase in M. If B is lowered, the 

curve does not follow the same path nor does M return to zero at B equal to zero, from 

which the saturation remanence or remanence magnetization, Mr is derived (Figure 

3.1). Mr is the residual magnetism after the field is returned to zero. Bulk coercivity, 

Bc is the magnetic field required to return M to zero. The saturation magnetization 

(Ms), saturation remanence (Mr), bulk coercivity (Bc), and coercivity of remanence 

(Bcr) measured on the backfield curves are the hysteresis properties. 
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Figure 3.1: Hysteresis loop. Plot of magnetizing field (B) versus magnetization (M). 

Ms = saturation magnetization, Mr = saturation remanence, Bc = bulk 

coercivity. 

Simple qualitative interpretation of the hysteresis data is an essential tool for 

rock magnetic research  (Jackson & Solheid, 2010) and is useful here for interpretation 

of the concentration, grain size, and domain state of the samples. Two plots that are 

extensively used for this are: plots of squareness (Mr/Ms) versus Bc; and the Day plot 

(Day et al., 1977). The squareness/ratio of Mr/Ms is a measure of the degree to which 
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the shape of a hysteresis loop becomes upright as it approaches unity (Tauxe et al., 

2002). Plotting the squareness versus the Bc is useful to differentiate between iron 

oxides, degree of oxidation, and grain sizes (Figure 4. Wang & Van der Voo., 2004). 

The Day plot or Day diagram plots the squareness against the Bcr to Bc ratio. The Day 

plot has been widely used to characterize the bulk average magnetic grain size and 

designates a sample as single domain (SD, Mr/Ms  Ó 0.5; Bcr/Bc Ò 1.5), pseudo-single 

domain (PSD, 0.05 Ó Mr/Ms  Ò 0.5; 1.5 Ó Bcr/Bc Ò 4) or multidomain (MD, Mr/Ms Ò 

0.05; Bcr/Bc Ó 4); usually, the grain size increases in this order (Supplementary Figure 

S9; Cormell & Schwertmann, 2003; Tauxe, et al., 2002). More recently the Day plot 

has fallen out of favor, as research has shown that vortex states are more physically 

reasonable explanations for changes in hysteresis behavior than ñpseudo-single 

domain behavior.ò We recognize this change in the communityôs perspective on Day 

plots but include the plot here simply to demonstrate the relative change in magnetic 

grain size.   

Hysteresis loops were measured using a vibrating sample magnetometer 

(Princeton MicroMag) at the University of Minnesotaôs Institute for Rock Magnetism 

(IRM). Sample preparation involved weighing each sample and since the samples 

were loose sediments, each sample was interred within nonmagnetic glue and allowed 

to dry in a fume hood before measurements were made. Measurements were made at 

room temperature and applied external magnetic fields between ±1T. Table 3.1 

contains the parameters used in the hysteresis loop measurements. Hysteresis loop 

measurements was carried out on all core samples and mineral packets including a 

sample of preserved unaltered fresh magnetite (FM) and fresh ferrihydrite (FFh) used 

in the preparation of the mineral packs, which serve as control. 
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Table 3.1: Hysteresis loop parameters from Vibrating Sample Magnetometer 

(Princeton MicroMag). 

Hysteresis Loop Parameters 

Applied field Maximum 1 T 

Applied Field Increment 5 mT 

Averaging Time 100 msec 

Pause at Maximum Field 1 sec 

Averages 1 

3.2.2 Backfield Curves 

Backfield curves are measured in zero field to obtain the coercivity of 

remanence, Bcr. Bcr is a measure of the field needed to drive the Mr to zero (Figure 

3.2). Backfield curves were measured using a vibrating sample magnetometer 

(Princeton MicroMag) at the University of Minnesotaôs Institute for Rock Magnetism 

(IRM) using the parameters shown in Table 3.2. Most environments contain a 

complex mixture of magnetic minerals with different environmental histories, robust 

interpretation involves óunmixingô the behavior of a sample to characterize the 

magnetic mineral assemblages (Heslop & Dillon, 2007). Coercivity spectra are 

obtained from the backfield remanence curves using numerical unmixing procedures. 
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Figure 3.2: Backfield curve collected in zero field. 

The outputs from the software are the mean coercivity (Bh), dispersion 

parameter (DP), observed and extrapolated contribution (OC and EC, respectively) of 

the individual component in each sample. Bh describes the median coercivity of the 

log normal distribution of each component (Supplementary Figure S2), where smaller 

(larger) values can be used to differentiate between coarser (finer) grain sizes, or in 

some instances magnetite versus hematite if sufficiently high fields are used. The 

dispersion parameter (DP) describes the breadth of each log normal distribution in a 

sample (Supplementary Figure S2), where the higher the DP, the broader the 
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coercivity distribution and vice versa. The OC and EC of each component are 

determined as the integrated area under individual component distributions for the 

observed set of field values B (OC) or an extended set of field values such that all 

components are saturated (EC) (Maxbauer et al., 2016b). These values are useful to 

quantify the individual contribution from each component.  

Coercivity spectra from the backfield remanence curves were evaluated for all 

magnetite pack samples using the MaxUnmix software (Maxbauer et al., 2016b). 

However, for some core samples the coercivity spectra could not be unmixed due to 

poor signal to noise ratios and were thus excluded. 

Table 3.2: Backfield parameters from Vibrating Sample Magnetometer (Princeton 

MicroMag). 

Backfield Parameters  

Sequence Nonlinear 

Initial Field 100 T 

Final Field 1 T 

Number of Points 45 

Saturating Field (DCD) 1 T 

Pause at Saturation 1 sec 

Averaging Time 1 sec 

Pause at Applied Field 1 sec 

Pause at Zero Field 1 sec 

Slew Rate to Applied Field 1 T/sec 

 

3.2.3 First -Order Reversal Curve 

A first-order reversal curve (FORC) is a set of minor hysteresis loops, which 

generates a FORC distribution (Figure 3.3, Roberts et al., 2000). Unlike hysteresis 

properties which provide bulk sample averages, FORC distributions provide a wealth 

of information about the distribution of coercivities and the interaction fields that exist 
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at different scales (Carvallo et al., 2004; Harrison & Feinberg, 2008). FORC diagrams 

are widely used to evaluate coercivity distributions and the magnetostatic interactions, 

which informs on the domain states, grain sizes, shapes, and the mineralogy within the 

magnetic sample (Yamazaki, 2020). Figure 6 is a schematic diagram showing how a 

FORC distribution is obtained. The FORC measurement begins by applying a positive 

field to a sample until it is saturated. B is then decreased to some value, Ba (reversal 

field), and M is measured as a function of increasing field Bb, until positive saturation 

is attained again (Figure 6A, Harrison & Feinberg, 2008). This is repeated for different 

reversal fields to sample the entire area of the major hysteresis loop (Harrison & 

Feinberg, 2008). From the measured distribution, a new set of coordinates Bc and Bu 

are defined (Figure 3.3B), where: 

ὄ ὄ ὄ ςϳ   (1) 

ὄ ὄ ὄ ςϳ   (2) 
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Figure 3.3: First-order reversal curve method. (A) Definition of FORC distribution. 

(B) Matrix of Ba and Bb values used to measure magnetization during 

FORC measurement in black dots and contour of FORC distribution. 

FORC distributions were measured using a vibrating sample magnetometer 

(Princeton MicroMag) and processed using FORCinel software to obtain the final 

contour plot, with Bc on the horizontal axes and Bu on the vertical axes (Harrison & 

Feinberg, 2008). A total of 110 FORCs were measured for each sample, with Bc 

between 0 and 150 mT, Bu between  ±50 mT, and field increment of approximately 

2.87 mT. The averaging time for each measurement was 300 msec, and a saturating 

field of 1T was applied. FORC distributions were measured for the control magnetite 

packet denoted as fresh magnetite (FM), central magnetite packet of each column 

retrieved in October 2019 and August 2020, and four core samples (1604-247, 1709-
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300, 1903-7-2, and 1905-9-8), which serve as representative core samples since time 

constraint prevented measurement of all samples. 

3.2.4 Low temperature Magnetometry 

Low temperature magnetic measurements are useful for identifying changes in 

mineralogy, concentration, domain state, and grain-sizes of magnetic minerals 

(Housen et al., 1996). The uniqueness of low temperature magnetic measurements is 

the characteristic behavior of different iron minerals, which is useful to distinguish 

between different mineral phases (Housen et al., 1996). Additionally, certain iron 

minerals exhibit low-temperature transitions, which are useful for both the 

identification of primary and secondary iron minerals in a sample (Özdemir & Dunlop, 

2010). For example, the Verwey transition, TV in magnetite at temperatures between 

110 ï 120 K associated with a change in lattice symmetry from a cubic to a 

monoclinic crystal (Verwey, 1939). The Morin transition, TM in hematite occurs at a 

temperature of 250 K (Morin, 1950). The Néel transition, TN in siderite occurs at a 

temperature of ~38K (Jacobs, 1963; Housen et al., 1996). The Besnus transition , TB in 

pyrrhotite as it undergoes a transition of magnetocrystalline anisotropy at temperatures 

between 30 ï 35 K (Besnus & Meyer, 1964; Volk et al., 2018) are all diagnostic 

features of these minerals during low temperature magnetic measurements. Other iron 

minerals such as goethite and maghemite, which may not possess characteristic 

transition temperatures are also identifiable by the behavior of their curves, such as the 

steady decrease in magnetization with increasing temperature in goethite (Öszdemir & 

Dunlop, 1996), and the smeared-out TV for maghemite (Özdemir & Dunlop, 2010). 

Low temperature magnetic measurements were conducted at the University of 

Minnesotaôs Institute for Rock Magnetism (IRM) using a Quantum Designs Magnetic 
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Properties Measuring Systems (MPMS). Sample preparation involved packing the 

loose sediment samples firmly between layers of quartz wool to prevent grain rotation 

and sealing inside pharmaceutical gelatin or poly-carbonate capsules.  

Two types of low temperature magnetic measurements were performed:  

1. Field cooled (FC) remanence, which involves heating from 10K to 

300K (room temperature) at 5K steps up after cooling from room 

temperature in a 2.5T field, and zero-field cooled (ZFC) remanence, 

which involves cooling in a zero field but applying a pulsed saturation 

isothermal remanent magnetization (SIRM) of 2.5T at 10K.  

2. Cooling and warming curves of room-temperature pulsed saturation 

isothermal remanence magnetization at 2.5 T (RTSIRM).  

FC-ZFC and RTSIRM measurements were restricted to the central magnetite 

packet of each column retrieved in June and October 2019, 534 magnetite pack in 

August 2020, and nine core samples from 2016, 2017, and 2019 from within and 

outside the plume retrieved from various depths (Table 4.3). Similar to the hysteresis 

measurements, FC-ZFC and RTSIRM measurements were also performed on the fresh 

magnetite (FM) and fresh ferrihydrite (FFh), which served as the control to assess 

deviations from this starting mineral. 

3.2.5 High Temperature Magnetic Susceptibility 

An AGICO MFK1-FA Susceptibility Bridge with CS4 Furnace was used to 

collect high temperature magnetic susceptibility measurements using a field of 300 

A/m with a frequency of 976 Hz cycled from 20ęC to 680ęC and back to 50°C. 

Temperature dependent magnetic susceptibility measurements were limited to six 

samples from 2016 (1604-19; 1604-247) and 2017 (1713-128; 1713-183; 1714-360; 

1714-415) core samples. 
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3.3 Statistical Analyses 

To examine the spatial and depth relationship across the plume, we conducted 

an Analysis of Variance (ANOVA) on the magnetite packs and core samples. 

ANOVA is a statistical technique used to compare two or more population means 

associated with various treatments (Ilvento, 2013). It provides a means to compare if 

two or more groups are statistically different from each other and if a group is 

impacted by certain factors. 

We used ANOVA to examine the existence of a spatial relationship across the 

site with respect to the center of the oil pool, we performed an ANOVA test for the 

magnetite packets retrieved in October 2019. The purpose was to analyze if there are 

statistical differences between the mineral packs retrieved at different locations across 

the site in comparison with the control fresh magnetite (FM). We measured thirty 

hysteresis loops for the FM, the central, and bottom magnetite packets of 411, 534, 

925, and 310 columns only, to normalize the measurements with 925-column, which 

contains only 2 magnetite packets (Appendix Figure A1). These repeated hysteresis 

loops were made by alternating the vibrating frequency of each measurement between 

0.2 to 1.0. 

To examine the existence of a depth relationship within the aquifer, we 

performed ANOVA for the core samples retrieved in 2019 (1903 and 1905) since the 

2019 sampling had the greatest sampling density for all core samples retrieved. The 

purpose here was to examine if there are statistical differences between core samples 

retrieved at different depths within the plume. The core samples from the different 

depth were classified into depth zones according to elevation in meters above sea level 

(masl). Samples at elevation Ó 430 masl are classified in Upper Vadose Zone (UVZ), 

samples between 425.5 masl to 430 masl are classified in Lower Vadose Zone (LVZ), 
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samples between 423.5 masl to 425.5 masl are classified in Water table Fluctuation 

Zone (WTFZ), and samples Ò 423.5 masl are classified in the Saturated Zone (SZ). A 

total of thirty-three (33) core samples (UVZ ï 6, LVZ ï 12, WTFZ ï 9, LVZ ï 6) were 

used for the ANOVA tests. 

The response variable for the ANOVA is the saturation magnetization (Ms), 

which is sensitive to the concentration of magnetic minerals in each sample. The null 

hypothesis for the ANOVA performed on the magnetite and ferrihydrite packets is that 

there is no difference between the samples in the oil pool area, outside the plume, and 

the fresh magnetite samples. The null hypothesis for the ANOVA test performed on 

the core samples is that the Ms for samples in the UVZ, LVZ, WTFZ, and SZ are 

equal. An alpha value of 0.05 is specified for both ANOVA tests. The statistical 

analyses were performed using JMP Pro 15 software. 

3.4 Microscopy 

To examine the surface textures and crystal size of representative samples, we 

imaged the surface of the grains using scanning electron microscopy (SEM) and 

measured their elemental composition using energy dispersive X-ray spectroscopy 

(EDS). Samples selected for SEM and EDS analysis include: 

1. Control magnetite sample. 

2. Control ferrihydrite sample. 

3. June 2019 samples: 534 magnetite pack. 

4. October 2019 samples:  534 magnetite pack, and 310 magnetite pack. 

5. August 2020 samples: 534 magnetite pack and 411 ferrihydrite pack. 

6. 2019 core sample: 1905-9-8. 
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The samples were prepared for imaging by sonicating for six minutes and 

separating the magnetic fraction of the samples using a bar magnet where the grain 

size was sufficiently large enough to allow for separation with a magnet. However, 

when magnetic samples could not be successfully separated with a magnet, a small 

sample consisting of both magnetic and quartz grains were used for SEM imaging. 

Typically, all magnetite packets were successfully separated with a bar magnet. 

SEM imaging and EDS analysis were performed at the Characterization 

Facility, College of Science and Engineering, the University of Minnesota using a 

JOEL JSM-6500F Field Emission Scanning Electron Microscope. 

3.5 Geochemistry Data 

We examined available geochemistry data from the site to compare prevailing 

and previous geochemical conditions at the site and the geochemical reactions that 

they may promote. The criteria for geochemistry data analyzed at the site was based 

on the relevance to the redox conditions at the site and their availability as continuous 

data. The significant geochemistry data explored for this study are: 

1. Aqueous geochemistry data: dissolved Iron (II) 

2. Gas concentration data: Carbon Dioxide (CO2) and Methane (CH4).  

All the geochemistry data were retrieved from United States Geological 

Survey (USGS) National Water Information System (NWIS) database. 
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Chapter 4 

RESULTS 

4.1 Magnetic Analyses 

4.1.1 Hysteresis Properties 

Hysteresis loops were analyzed using the methods of Jackson and Solheid 

(2010) and plotted to determine magnetic concentration, grain size distribution, and 

domain state. The hysteresis data for magnetite packs, ferrihydrite packets, and core 

samples are shown in Tables 4.1, 4.2, and 4.3, respectively. 

4.1.1.1 Saturation Magnetization (Ms) and Bulk Coercivity (Bc) 

For the magnetite packs, the samples show a decrease in Ms for 2019 

compared to the starting FM, which has a Ms of 22.68 Am2/kg (black dotted line in 

Figure 4.1A). The average Ms for June 2019 are 8.30 Am2/kg, 9.04 Am2/kg, and 9.53 

Am2/kg for 411, 534, and 925 magnetite packs, respectively (diamond shapes in 

Figure 4.1A). In October 2019, the Ms decreased even further, averaging 3.06 Am2/kg, 

6.17 Am2/kg, and 5.68 Am2/kg for 411, 534, and 925 magnetite packs, respectively 

(circle shapes in Figure 4.1A). This decrease observed in October 2019 for the 

magnetite packs represents an 86%, 73%, and 75% reduction in saturation 

magnetization for the one-year interment period for 411, 534, and 925 magnetite 

packs, respectively. This decrease in the 925 magnetite pack was unexpected since it 

was supposedly outside the boundary of the dissolved phase plume. However, a 
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revised plume map from the Bemidji site reveals that the dissolved phase plume 

extends beyond the location of 925 column (Figures 2.2 and 2.3) and minor 

enhancement of magnetic susceptibility (MS) were also recorded in wells around this 

vicinity in 2014 (Atekwana et al., 2014). Thus, for this study the 925 magnetite packs 

are considered within the dissolved phase plume of the North oil Body. For the 310 

samples which were installed in June 2019, showed only a 4% reduction in Ms (21.67 

Am2/kg). Along with this decrease in Ms, there is an increase in the Bc, from about 

0.97 mT (FM) to a maximum Bc of 1.33 mT (411), 1.27 mT (534), 1.25 mT (925), and 

1.30 mT (310) for October 2019 (Figure 4.1B). For August 2020 sampling of the 

magnetite packs, there is a reversal in both the Ms and the Bc of the samples (square 

symbols in Figure 4.1). The Ms showed ~75% increase for 411 magnetite pack (5.34 

Am2/kg) and ~41% increase for 534 (8.71 Am2/kg) compared to October 2019. The Bc 

for August 2020 decreased from 1.27 mT to 0.60 mT and 1.10 mT to 0.70 mT for 411 

and 534 magnetite packs, respectively. 



 33 

 

Figure 4.1: Plot of (A) saturation magnetization, Ms and (B) bulk coercivity, Bc with 

depth for magnetite packs. Depth values for the magnetite packs are not 

actual depths but were normalized to constant depths for visual 

representation. Dashed lines represent Ms and Bc of the fresh magnetite 

(FM), respectively. 
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Table 4.1: Summary of magnetic parameters measured for magnetite packs. 

Sample Date 

Retrieved 

Elevation 

(masl) 

M s 

(Am2/kg) 

M r 

(Am2/kg) 

Bc 

(mT) 

Bcr (mT) 

Magnetite 

Packs 

            

Fresh 

Magnetite 

(FM) 

 ï  ï 22.681 0.159 1.0 10.4 

411-1 June, 2019 424.65 9.205 0.074 1.0 12.3 

411-3 June, 2019 424.35 7.917 0.055 1.0 11.8 

411-5 June, 2019 424.05 7.788 0.055 1.0 12.4 

534-1 June, 2019 423.48 9.622 0.077 1.0 11.8 

534-3 June, 2019 423.18 7.185 0.043 0.8 10.2 

534-5 June, 2019 422.88 10.320 0.093 1.2 10.6 

925-3 June, 2019 424.71 7.119 0.050 1.0 13.7 

925-5 June, 2019 424.41 11.951 0.072 0.8 11.2 

310-1 October, 2019 423.22 26.940 0.242 1.2 11.1 

310-3 October, 2019 422.91 19.749 0.178 1.2 10.9 

310-5 October, 2019 422.61 18.320 0.183 1.3 11.6 

411-1 October, 2019 424.65 3.971 0.040 1.3 11.2 

411-3 October, 2019 424.35 2.699 0.022 1.2 13.5 

411-5 October, 2019 424.05 2.511 0.023 1.3 10.8 

534-1 October, 2019 423.48 9.612 0.067 1.0 11.9 

534-3 October, 2019 423.18 2.359 0.019 1.0 11.9 

534-5 October, 2019 422.88 6.525 0.059 1.5 11.5 

925-3 October, 2019 424.71 6.375 0.057 1.3 14.7 

925-5 October, 2019 424.41 4.993 0.045 1.3 13.3 

411-1 August, 2020 424.65 3.869 0.020 0.6 11.4 

411-3 August, 2020 424.35 6.052 0.026 0.6 12.6 

411-5 August, 2020 424.05 6.105 0.027 0.5 12.2 

534-1 August, 2020 423.48 12.027 0.059 0.6 11.7 

534-3 August, 2020 423.18 4.966 0.022 0.3 11.1 

534-5 August, 2020 422.88 9.135 0.062 0.9 15.4 

 

For the ferrihydrite packs, the hysteresis loops displayed responses typical of 

paramagnetic or diamagnetic materials without any hysteresis, this made 

measurements of hysteresis properties such as Bc and Bcr untenable, and repeated 
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hysteresis measurements with similar Ms and Mr produced vastly contrasting Bc and 

Bcr values. Thus, only the Ms and Mr are reported in Table 4.2. An exception to this is 

411 sample from the central depth retrieved in August 2020, which was ferrimagnetic 

and produced a clean hysteresis loop. 

Table 4.2: Summary of magnetic parameters measured for ferrihydrite packs. 

Sample Date 

Retrieved 

Elevation 

(masl) 

M s 

(Am2/kg) 

M r (Am2/kg) Bc 

(mT) 

Bcr 

(mT) 

Ferrihydrite 

Packs 

        

Fresh 

Ferrihydrite 

(FFh) 

 ï  ï 0.00029 ï 

0.0010 

0.00060  ï ï 

411-2 June, 2019 424.50 0.00071 0.00005  ï ï 

411-4 June, 2019 424.20 0.00068 0.00009  ï ï 

411-6 June, 2019 423.90 0.00023 0.00005  ï ï 

534-2 June, 2019 423.33 0.00061 0.00006  ï ï 

534-4 June, 2019 423.03 0.00045 0.00033  ï ï 

534-6 June, 2019 422.73 0.00022 0.00042  ï ï 

925-1 June, 2019 425.01 0.00026 0.00006  ï ï 

925-2 June, 2019 424.86 0.00049 0.00005  ï ï 

925-4 June, 2019 424.56 0.00040 0.00005  ï ï 

925-6 June, 2019 424.26 0.00034 0.00004  ï ï 

310-2 October, 2019 423.06 0.00027 0.00019  ï ï 

310-4 October, 2019 422.76 0.00077 0.00003  ï ï 

310-6 October, 2019 422.46 0.00091 0.00009  ï ï 

411-2 October, 2019 424.50 0.00486 0.00023  ï ï 

411-4 October, 2019 424.20 0.00187 0.00019  ï ï 

411-6 October, 2019 423.90 0.00063 0.00007  ï ï 

534-2 October, 2019 423.33 0.00032 0.00000  ï ï 

534-4 October, 2019 423.03 0.00100 0.00043  ï ï 

534-6 October, 2019 422.73 0.00055 0.00029  ï ï 

925-1 October, 2019 425.01 0.00062 0.00021  ï ï 

925-2 October, 2019 424.86 0.00005 0.00036  ï ï 

925-4 October, 2019 424.56 0.00149 0.00034  ï ï 
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925-6 October, 2019 424.26 0.00095 0.00004  ï ï 

411-2 August, 2020 424.50 0.00215 0.00010  ï ï 

411-4 August, 2020 424.20 0.15880 0.00170  1.6 ï 

411-6 August, 2020 423.90 0.00144 0.00011  ï ï 

534-2 August, 2020 423.33 0.00180 0.00017  ï ï 

534-4 August, 2020 423.03 0.00278 0.00033  ï ï 

534-6 August, 2020 422.73 0.00609 0.00052  ï ï 

 

The Ms of the starting fresh ferrihydrite (FFh) measured in January 2020 and 

October 2020 was 0.0003 Am2/kg and 0.0010 Am2/kg respectively (dotted black lines 

in Figure 4.2A). This is likely caused by the instability of ferrihydrite and conversion 

to goethite. There is a gradual increase in Ms with time for the ferrihydrite packs 

(Figure 4.2), and the most significant increase was observed in August 2020 (square 

symbols in Figure 4.2). The Ms for the 534 ferrihydrite pack increased from a 

maximum of 0.0010 Am2/kg in October 2019 to 0.0061 Am2/kg in August 2020. 

While the Ms of the 411 ferrihydrite packs increased from a maximum of 0.0049 

Am2/kg in October 2019 to 0.1588 Am2/kg in August 2020, this represents an 

astounding 3100% increase in magnetization (Figure 4.2B), and indicate the formation 

of a new, more magnetic Fe-phase. 

For the core samples, Ms ranged between 0.01 to 1.39 Am2/kg with an average 

of 0.21 Am2/kg and Bc ranged between 2.21 to 5.93 mT. The average Ms and Bc for 

2016 samples are 0.38 Am2/kg and 2.93 mT, respectively. For the 2017 core samples, 

the average Ms is 0.32 Am2/kg and the average Bc is 3.31 mT. In 2019, the average Ms 

and Bc are 0.13 Am2/kg and Bc 3.31 mT, respectively. This indicates a decrease in Ms 

and an increase in Bc with time, which is shown in a plot of Ms and Bc versus depth for 

2016, 2017, and 2019 core samples occurring within the free phase of the oil pool 

(Figure 4.3). 
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Figure 4.2: (A and B) Plot of saturation magnetization, Ms with elevation for 

ferrihydrite packs. Elevation values are not actual depths but were 

normalized to constant depths for visual representation. Black dashed 

lines represent Ms for the fresh ferrihydrite (FFh) measured in January 

2020 (0.0003 Am2/kg) and October 2020 (0.0010 Am2/kg). Multi-colored 

dashed line represents the approximate Ms of all samples shown in A. 

Black solid line is the average Ms for 2019 core sample shown in Figure 

10A. 
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Table 4.3: Summary of magnetic parameters measured for core samples. 

Sample Date 

Retrieved 

Elevation 

(masl) 

M s 

(Am2/kg) 

M r 

(Am2/kg) 

Bc (mT) Bcr (mT) 

Core Samples            

1604-19 2016 431.52 0.107 0.003 3.8 44.7 

1604-88 2016 429.76 0.654 0.010 2.2 29.3 

1604-157 2016 428.01 0.301 0.008 3.6 34.6 

1604-221 2016 426.39 0.289 0.005 2.6 28.1 

1604-247 2016 425.73 0.634 0.011 2.6 28.5 

1604-346 2016 423.21 0.314 0.006 2.7 26.0 

1713-30 2017 430.24 0.239 0.005 2.8 31.6 

1713-96 2017 428.56 0.226 0.005 3.2 39.0 

1713-128 2017 427.75 0.231 0.006 3.8 29.1 

1713-183 2017 426.35 0.116 0.002 3.0 27.5 

1713-230 2017 425.16 0.184 0.005 3.6 35.1 

1713-260 2017 424.4 0.105 0.003 3.6 27.7 

1714-360 2017 424.86 0.154 0.004 3.8 35.0 

1714-400 2017 423.84 0.079 0.002 3.6 33.9 

1714-405 2017 423.71 0.124 0.003 3.3 33.3 

1714-415 2017 423.46 0.256 0.006 3.4 30.6 

1709-50 2017 430.73 0.145 0.005 4.8 33.2 

1709-76 2017 430.07 0.772 0.015 3.3 30.0 

1709-159 2017 427.96 0.482 0.010 2.7 27.0 

1709-255 2017 425.52 1.388 0.026 2.7 26.1 

1709-300 2017 424.38 0.333 0.008 3.2 27.7 

1709-337 2017 423.44 0.342 0.005 2.2 25.2 

1902-15-2 2019 424.47 0.188 0.005 3.4 27.8 

1902-15-12 2019 423.74 0.202 0.007 5.0 30.3 

1902-15-18 2019 423.29 0.141 0.005 5.3 43.7 

1903-1-2 2019 431.91 0.143 0.005 4.9 35.8 

1903-1-12 2019 431.48 0.100 0.003 4.2 36.3 

1903-1-20 2019 431.13 0.163 0.005 5.0 45.9 

1903-1-24 2019 430.96 0.058 0.002 4.7 42.4 

1903-2-2 2019 430.69 0.120 0.004 4.8 41.0 

1903-2-12 2019 430.26 0.047 0.002 4.6 40.2 

1903-2-24 2019 429.74 0.122 0.004 5.2 42.6 

1903-4-2 2019 428.27 0.173 0.005 4.4 38.6 

1903-4-12 2019 427.94 0.189 0.005 3.8 34.7 

1903-4-24 2019 427.53 0.172 0.005 4.1 40.4 
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1903-4-35 2019 427.16 0.063 0.003 5.9 46.5 

1903-5-12 2019 426.68 0.068 0.002 4.5 40.1 

1903-5-24 2019 426.24 0.068 0.002 3.7 28.4 

1903-5-32 2019 425.94 0.233 0.005 3.3 30.7 

1903-7-2 2019 424.94 0.115 0.003 4.2 33.0 

1903-7-12 2019 424.69 0.151 0.004 3.8 31.3 

1903-7-26 2019 424.33 0.216 0.005 3.3 28.6 

1903-8-3 2019 421.98 0.055 0.001 2.3 26.5 

1903-8-12 2019 421.65 0.212 0.004 2.9 28.3 

1903-8-17 2019 421.47 0.078 0.002 3.5 28.3 

1903-8-26 2019 421.14 0.131 0.004 4.5 28.1 

1905-6-2 2019 427.28 0.174 0.004 3.1 26.4 

1905-6-9 2019 427.08 0.543 0.009 2.6 26.8 

1905-6-12 2019 426.99 0.193 0.005 3.8 29.5 

1905-7-3 2019 426.64 0.064 0.002 4.8 28.6 

1905-7-12 2019 426.35 0.018 0.001 5.7 32.0 

1905-9-8 2019 425.41 0.175 0.006 4.3 27.2 

1905-9-13 2019 425.16 0.027 0.001 3.6 31.9 

1905-9-19 2019 424.85 0.072 0.001 2.7 25.2 

1905-9-2 2019 423.84 0.036 0.001 4.7 28.4 

1905-9-10 2019 423.48 0.009 0.000 4.5 28.4 

1905-9-24 2019 422.77 0.018 0.000 3.3 32.9 

1905-9-33 2019 422.31 0.120 0.003 3.4 28.3 
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Figure 4.3: Plot of (A) saturation magnetization, Ms and (B) bulk coercivity, Bc with 

depth for core samples retrieved in 2016, 2017, and 2019. The vertical 

lines for 2016, 2017, and 2019 are the average values for each year 

(dotted lines for 2016 core samples, dashed lines for 2017 core samples, 

and sold lines for 2019 core samples). 

4.1.1.2 Squareness (Mr/M s) versus Bulk Coercivity (Bc) 

The plot of squareness (Mr/Ms) versus Bc is used to determine a relationship 

between the grain size distribution of the samples. Core samples and magnetite packs 

show a linear relationship between squareness (Mr/Ms) and Bc, but the magnetite packs 

are closer to the slope for magnetite samples of Wang & Van der Voo (2004) (Figure 

4.4A). The plot show that on average the magnetite packs have a larger grain sizes 
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compared to the core samples. The 2019 core samples have the smallest average grain 

size when compared with the 2016 and 2017 core samples.  

A close-up on the magnetite packs show that the October 2019 samples have 

higher coercivities and Mr/Ms ratios than the FM and June 2019 samples (Figure 

4.4B). These changes in magnetic properties occur both for samples within and 

outside the oil pool. However, like the relationship observed in the Ms and Bc, there 

appears to be a reversal for the August 2020 core samples. The samples have a lower 

coercivities and Mr/Ms ratios compared to the FM and October 2019 samples, this may 

be indicative of a higher grain size. 

 

Figure 4.4: Squareness (Mr/Ms) versus Bc for (A) magnetite packs and core samples, 

(B) magnetite packs only. Symbols as in Figures 4.1, 4.2, and 4.3. The 

lines for TM60 and pure stoichiometric magnetite (Fe3O4) are 

empirically derived from Wang & Van der Voo (2004). 
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4.1.1.3 Day Plot 

The Day plot (ratios of Mr/Ms versus Bcr/Bc) which is often used to 

differentiate the bulk average magnetic domain state shows that all samples fall within 

the multidomain (MD) region (Figure 4.5, Day et al., 1976). This indicates that the 

samples have rather large sample sizes of similar range as medium silt or sand grains 

sediments (> 20 ɛm, Hatfield, 2014). Different trend lines can be fitted for the core 

samples and magnetite packs, which could be indicative of different grain size 

distributions, cation substitution, partial oxidation, and provenance (Dunlop & 

Özdemir, 1997). While the October 2019 magnetite packs shows a progression 

towards a higher squareness and lower Bcr/Bc characteristic of SD magnetic domain 

and decreasing grain size, the magnetite packs retrieved in August 2020 shows a 

retrogression to the lower squareness and higher Bcr/Bc, which could be indicative of 

larger sample s 



 43 

 

Figure 4.5: Day plot (ratios of Mr/Ms versus Bcr/Bc) for magnetite packs and core 

samples. Symbols as in Figures 4.1 ï 4.4. Dashed lines indicate linear 

regression fit for the magnetite packs and a second-order polynomial fit 

for the core samples. 

4.1.2 Backfield Curves 

Unmixing of the backfield remanence measurements show two distinct 

magnetic components in the core samples and one component in the magnetite packs 

(Figure 4.6, Appendix A2). This technique fits multiple log normal distributions to the 

derivative of the backfield remanence measurements. From Figure 4.6, the dispersion 

parameter (DP) describes the breadth of the magnetic grain size distribution in the 
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samples, where the higher (lower) the DP, the broader (narrower) the magnetic grain 

size distribution. The mean coercivity (Bh) of the log normal distribution can be used 

to differentiate between fine versus coarse grain sizes. The higher the coercivities, the 

finer grained the sample and vice versa.  

 

Figure 4.6: Unmixing of backfield curves showing dispersion parameter (DP) and 

mean coercivity (Bh) for (A) June 2019; 534 magnetite pack and (B) 

1905-6-12 core sample. 

The two populations of magnetic grains obtained from the core samples during 

coercivity unmixing appear as two distinct clusters (Figure 4.7A). One of the clusters 

centers at Bh = 10 mT and DP = 4 mT, which is broadly similar to the detrital 

magnetite component (ñD+EXò) described by Egli, (2004). The second cluster is 

defined by higher Bh values (> 25 mT) and a lower DP (~3 mT) and is broadly 

consistent to the bacterial magnetite components (ñBSò and ñBHò) described in Egli 
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(2004). All samples from the magnetite packs fall within the region of the detrital 

component of the natural samples (Figure 4.7A). 

Figure 4.7B is a plot of the mean of observed contribution versus distance of 

the biogenic magnetite component from the WTFZ. The plot shows that the observed 

contribution from the biogenic component ranges from ~50% to 80% of the total 

remanence and appears to decrease with increasing distance from the center of the oil 

body. The closer to the center of the oil body, the greater the percentage of the 

observed contribution of the biogenic magnetite. The 1713 core sample retrieved from 

the center of the oil body has 80% biogenic magnetite, the 1905 sample retrieved 18 m 

from the center of the oil body has 70 ï 75% biogenic magnetite fraction (Figure 

4.7B). The 1604, 1709, and 1903 samples retrieved 24 m from the center of the oil 

body have biogenic magnetite fraction of 50 ï 75% (Figure 4.7B). While the sample 

retrieved farthest away from the center of the oil body, 1714 core samples have ~57 ï 

70% biogenic magnetite fraction (Figure 4.7B).  Thus, the concentration of fine-

grained magnetite appears to be elevated at the center of the oil body and decreases 

with distance from it. 
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Figure 4.7: (A) Dispersion parameter (DP) versus mean coercivity (Bh) for 

magnetite packs and core samples. Symbols for magnetite packs are as in 

Figures 4.1 ï 4.6. (B) Mean of observed contribution (OC) versus 

distance from the center of the oil body for the biogenic magnetite in the 

WTFZ shown in Figure 4.7A. 
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4.1.3 First -Order Reversal Curve (FORC) 

4.1.3.1 Magnetite Packs 

Analysis of the FORC diagrams reveals that the dominant distribution in all 

magnetite packs is concentrated along the low coercivities (<10 mT) and a broad 

dispersion along the Bu axis (Figures 4.8 ï 4.12). These characteristics are typical of 

samples dominated by multidomain (MD) grains, which shows the spread of contours 

along the Bu axes in a symmetrical fashion at lower coercivities (Bc) (Carvallo et al., 

2004). This analysis is consistent with the hysteresis parameters of the magnetite 

packs, which show that all the magnetite packs have low coercivities (Figures 4.1B 

and 4.4) and plot within the MD range in the Day plot (Figure 4.5). Additionally, the 

plot of the marginal coercivity distribution confirms the fluctuations in magnetization 

observed in 2019 and 2020. For the magnetite pack outside of the oil pool (310), the 

sum of the marginal coercivity at Bc = 0 observed in the FORC distribution is ~0.058 

Am2/T2 (Figure 4.9) this is a 20% loss compared to the FM (Figure 4.8). This loss was 

greatest in samples within the free phase of the plume in October 2019, with a ~90% 

loss in the marginal coercivities, about 0.008 Am2/T2 and 0.004 Am2/T2, for 411 and 

534 magnetite packs respectively (Figures 4.10 and 4.11). However, for August 2020 

there is an increase in the FORC distribution for the 411 (blue line in Figure 4.10D) 

and 534 (green line in Figure 4.11D) magnetite packs. The 925 sample within the 

dissolved phase of the plume also showed similar loss in the FORC distribution for 

October 2019, however this was less than the observed coercivity distribution for 

samples within the free phase of the plume (Figure 4.12). These observations are 

consistent with the Ms measurements shown in Figure 4.1A. 
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Figure 4.8: (A) Processed first order reversal curve for Fresh magnetite (FM). (B) 

Marginal coercivity distribution along Bc. 

 

Figure 4.9: (A) Processed first order reversal curve for 310 magnetite pack retrieved 

in October 2019. (B) Marginal coercivity distribution along Bc. Black 

dotted line for FM and solid line for October 2019; 310 magnetite pack. 
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Figure 4.10: Processed first order reversal curve for 411 magnetite pack retrieved in 

(A) June 2019, (B) October 2019, (C) August 2020. (D) Marginal 

coercivity distribution along Bc. Black dotted line for FM, black dashed 

line for June 2019, black solid line for October 2019, and green solid line 

for August 2020. 
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Figure 4.11: Processed first order reversal curve for 534 magnetite pack retrieved in 

(A) June 2019, (B) October 2019, and (C) August 2020. (D) Marginal 

coercivity distribution along Bc. Black dotted line for FM, black dashed 

line for June 2019, black solid line for October 2019, and green solid line 

for August 2020. 
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Figure 4.12: Processed first order reversal curve for 925 magnetite pack retrieved in 

(A) June 2019 and (B) October 2019. (C) Marginal coercivity 

distribution along Bc. Black dotted line for FM, black dashed line for 

June 2019, and black solid line for October 2019. 
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4.1.3.2 Core Samples 

Analysis of the FORC diagrams for the core samples reveals that the samples 

are dominated by MD magnetic grains, the FORC distribution is clustered along the 

low coercivities zones (Figures 4.13 ï 4.16), which is consistent with observations 

Day plot (Figure 4.5). Unlike the magnetite packs, the core samples also contain some 

SD grains. This SD signature is interpreted from the sharp ñcentral ridgeò feature 

along the Bu = 0 axis (Yamazaki, 2020). This contribution of SD grains is interpreted 

to be of biogenic origin and are enhanced in the two 2019 core samples retrieved from 

the WTFZ (Figures 4.15 and 4.16). The presence of SD biogenic magnetic grains 

along with the MD grains is consistent with the coercivity spectra from the backfield 

curves (Figure 4.7). 

 

Figure 4.13: (A) Processed first order reversal curve for 2016 core sample (1604-247). 

(B) Marginal coercivity distribution along Bc. 
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Figure 4.14: (A) Processed first order reversal curve for 2017 core sample (1709-300). 

(B) Marginal coercivity distribution along Bc. 

 

Figure 4.15: (A) Processed first order reversal curve for 2019 core sample (1903-7-2). 

(B) Marginal coercivity distribution along Bc. 
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Figure 4.16: (A) Processed first order reversal curve for 2019 core sample (1905-9-8). 

(B) Marginal coercivity distribution along Bc. 

4.1.4 Low temperature Magnetometry  

4.1.4.1 Magnetite Packs 

FC-ZFC and RTSIRM measurements on the magnetite packs shows a 

prominent Verwey transition (TV) at about 120 ï 130 K characteristic of magnetite 

(Fe3O4) (Figure 4.17). The normalized FC-ZFC, warming and cooling curves for June 

2019, October 2019, and August 2020 samples are plotted on the same graphs with the 

FM, to make comparisons of changes in the samples (Figure 4.17). Note that only the 

534 magnetite pack was measured for the retrieved magnetite packs in August 2020.  

The FC and ZFC curves display similar characteristics with the curves almost 

overlapping with the FM curve (Figures 4.17A, C, E, and G). The samples show ZFC 

remanence to be higher than the FC curve, indicative of multi-domain (MD) grains, 
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and lose all remanence after passing through the TV at 125 K. However, the 534 

magnetite pack within the oil body retain about 4% of the remanence, which may be 

negligible, but represents an increase over the other magnetite pack samples (Figure 

4.17E). This observed increase is reversed in August 2020 (Figure 4.17E). Another 

noticeable change is the increase in the ratio of the FC to ZFC curve at a temperature 

of 10K. For the FM curve, this ratio is 0.38, this value either decreased slightly or 

remained constant for 310 and 925 magnetite packs (Figures 4.17A and G). However, 

the ratio of FC to ZFC curve at 10K is 0.44 and 0.52 for the 411 and 534 magnetite 

packs, respectively (Figures 4.17C and E). Since, having ZFC curve higher than FC 

curve is indicative of larger sized MD grains, this increase in the ratio of FC to ZFC 

curve may be indicative of a decreasing grain size.  

Cooling curves of RTSIRM show a steady decay until the TV and after the TV 

there is a small jump in magnetization (Figures 4.17B, D, F, and H). The cooling 

curves for 310 and 925 magnetite packs shows an almost perfect overlap with the FM 

cooling curve (Figures 4.17B and H). In contrast, magnetite packs within the free 

phase of the plume (534 and 411) display deviations from the FM, the most striking is 

a reduction in the jump at TV (Figures 4.17D and F). For the warming curves, the 

magnetization is constant prior to the TV, and at TV the magnetization drops. 

Magnetite packs from 310 display similar curves to the FM and the warming curves 

almost overlap for these samples, the recovered remanence upon heating ranges 

between 17% (Figure 4.17B). On the other hand, magnetite packs within the free 

phase of the plume displayed greater deviation from FM sample and there is a gradual 

smearing of the TV most notable in the 534 magnetite pack (Figure 4.17F). The 534 

magnetite pack showed the highest recovered remanence during thermal cycling for all 
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magnetite packs measured, about 30% (Figure 4.17F). Similar to the FC-ZFC curve, 

this observation of higher recovered remanence noted in October 2019 for the 534 

magnetite pack reversed to ~18% (Figure 4.17F). 
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Figure 4.17: Field cooled (FC) and Zero field cooled (ZFC) curves for (A) 310, (C) 

411, (E) 534, and (G) 925 magnetite packs. RTSIRM for (B) 310, (D) 

411, (F) 534, and (H) 925 magnetite packs 
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4.1.4.2 Ferrihydrite Packs 

Low temperature magnetometry measurements were measured on the 310 and 

411 ferrihydrite packs retrieved in October 2019, and 411 magnetite pack retrieved in 

August 2020. The RTSIRM curves for the fresh ferrihydrite (FFh) and ferrihydrite 

packs show curves characteristic of goethite (Figure 4.18, Özdemir & Dunlop, 1996). 

The normalized FC-ZFC and RTSIRM curves for October 2019 (closed circles in 

Figures 4.18A, B, C, and D) are on the same graph with the FFh (open circles in 

Figures 4.18A, B, C, and D) to make comparisons. While the normalized FC-ZFC and 

RTSIRM curves for 411 ferrihydrite pack retrieved in August 2020. 

The FC and ZFC curves for the FFh and the ferrihydrite packs retrieved in 

October 2019 shows an exponential decrease in magnetization with increasing 

temperature (Figures 4.18A and C). The 310 ferrihydrite pack shows slight alteration 

in the samples compared to the FFh, with a comparable ratio of FC to ZFC curves at 

10 K for both the FFh and 310 ferrihydrite pack, ~0.45 (Figure 4.18A). The 

remanence retention at room temperature for the 310 ferrihydrite pack is also 

comparable to the FFh, 1% and 8% for the FFh and 310 ferrihydrite pack, respectively 

(Figure 4.18A). The 411 ferrihydrite pack retrieved in October 2019 shows clear 

differences compared to the FFh, the most distinct of which is the increase in the ratio 

of FC to ZFC curves (~0.9) and the increase in the remanence retention at 300 K , 

about 40% (Figure 4.18C) is consistent with the coursing of goethite. For the 411 

ferrihydrite pack retrieved in August 2020, the sample displayed a curve akin to the 

magnetite packs discussed above, with a TV at 125 K (Figure 4.18E). 

RTSIRM curves for the FFh, 310, and 411 ferrihydrite packs retrieved in 

October 2019 show a monotonic increase in magnetization with decreasing 

temperature and a visible loss in magnetization at TV indicative of trace precipitates of 
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magnetite in an otherwise goethite mineral sample (Figures 4.18B and D). The cooling 

and warming curves for the October 2019; 411 ferrihydrite pack also show observed 

differences with the FFh, with an increase in the cooling and warming curves at room 

temperature (Figure 4.18D). For the 411 ferrihydrite pack retrieved in August 2020, 

the curve is similar to the cooling and warming curves of the magnetite packs with a 

smeared out but apparent TV at 120 K. 
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Figure 4.18: Field cooled (FC) and Zero field cooled (ZFC) curves for (A) 310, (C) 

411 (October 2019), and (E) 411 (August 2020) ferrihydrite pack. 

RTSIRM for (B) 310, (D) 411 (October 2019), and (F) 411 (August 

2020). Note the vertical scales for all the cooling and warming curves. 
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4.1.4.3 Core Samples 

The observations highlighted above for the magnetite packs are also noted in 

the core samples but are more pronounced (Figures 4.19 ï 4.21). The core samples 

show ZFC curve higher than the FC curve (2016 and 2017 core samples, Figures 

4.19C, 4.20A and C), slightly lower than the FC curve (2016, 2017, and 2019 core 

samples, Figures 4.19A, 4.20E, 4.21A and C), or below the FC curve (2019 core 

sample, Figures 4.21E and G). The FC-ZFC curve shows a higher retention in 

remanence compared to the magnetite packs, about 6% to 20%.  

The cooling and warming curves show a complete smearing of the TV and 

higher recovered remanence during thermal cycling, which ranged between 50% to 

60%. The recovered remanence during thermal cycling were generally higher for the 

2019 core samples (Figure 4.21), compared to the 2016 and 2017 core samples 

(Figures 4.19 and 4.20). 
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Figure 4.19: Field cooled (FC) and Zero field cooled (ZFC) curves for 2016 core 

samples: (A) 1604-247, (C) 1604-346. RTSIRM for 2016 core samples: 

(B) 1604-247, (D) 1604-346. Depths the samples were retrieved are 

shown in Table 4.3. 
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Figure 4.20: Field cooled (FC) and Zero field cooled (ZFC) curves for 2017 core 

samples: (A) 1713-128, (C) 1709-300, and (E) 1714-400. RTSIRM for 

2017 core samples: (B) 1713-128, (D) 1709-300, and (F) 1714-400. 

Depths the samples were retrieved are shown in Table 4.3. 
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Figure 4.21: Field cooled (FC) and Zero field cooled (ZFC) curves for 2019 core 

samples: (A) 1902-15, (C) 1903-7-2, (E) 1905-9-8, and (G) 1905-9-10. 

RTSIRM for 2019 core samples: (B) 1902-15, (D) 1903-7-2, (F) 1905-9-

8, and (H) 1905-9-10. Depths the samples were retrieved are shown in 

Table 4.3. 
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4.1.5 High Temperature Magnetic Susceptibility 

Figure 4.22 shows the plot of the normalized high temperature magnetic 

susceptibility measurements. The thermomagnetic behavior of the samples is 

characterized by a magnetite-like phase dominated, shown by a Curie temperature of 

about 580 ï 600ęC for the 2016 and 2017 core samples (Figure 4.22). The cooling 

curve is about 2 times the heating runs and there is also an observed increase in the 

heating runs at about 500ęC.  These changes are due to the alteration of existing 

magnetic minerals (e.g., the inversion of maghemite) and the formation of new 

magnetic minerals during heating (e.g., formation of magnetite during dehydration of 

Fe-bearing clays) (Figures 4.22A ï E, Ozdemir & Banerjee, 1984). However, this 

observation is significantly diminished or absent in the samples retrieved from the 

dissolved phase of the plume (Figures 4.22E and F). 
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Figure 4.22: Temperature-dependent magnetic susceptibility for selected 2016 and 

2017 core samples: (A)1604-19, (B)1604-247, (C) 1713-128, (D)1713-

183, (E) 1714-360, and (F) 1714-415. Depths the samples were retrieved 

are shown in Table 4.3. 
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4.2 Statistical Analyses ï Analysis of Variance (ANOVA) 

4.2.1 Spatial Variability using Magnetite Packs 

The box plot of Ms for the magnetite packs is shown in Figure 4.23. For the 

FM, the number of samples (N) is 30, the mean Ms is 22.68 Am2/kg, the standard 

deviation is 0.49 Am2/kg, and the variance is low, about 0.25, this indicates there is 

little variability in the Ms measured at different vibrating frequencies.  

For the 310 magnetite packs, N is 60 (30 measurement from the central depth 

and 30 from the bottom depth). The mean Ms is 20.21 Am2/kg, the standard deviation 

is 0.80 Am2/kg, and the variance is 0.64, the variance is also low but slightly higher 

than the variance for FM, because of variation in the depth the samples were retrieved. 

The minimum Ms is 18.32 Am2/kg, the maximum is 21.22 Am2/kg, and the median 

Ms is 20.12 Am2/kg.  

For the 411 magnetite packs, N is 60 with a mean Ms of 2.74 Am2/kg, a 

standard deviation is 0.08 Am2/kg, the minimum Ms is 2.51 Am2/kg, the maximum is 

2.88 Am2/kg, and the variance is 0.006, this very low value for the variance is 

indicative of very little variability within the measurements and samples.  

For the 534 magnetite packs, N is 60, the mean Ms is 4.74 Am2/kg, the 

standard deviation is 2.21 Am2/kg, and the variance is 4.87, the 534 magnetite packs 

have the highest variance for all the measurements, with a minimum Ms of 1.76 

Am2/kg and a maximum of 6.99 Am2/kg.  

For the 925 magnetite packs, the mean Ms is 6.00 Am2/kg, the standard 

deviation is 0.70 Am2/kg, and the variance is 0.48. The minimum, maximum, and 

median Ms are 4.99 Am2/kg, 6.89 Am2/kg, and 5.47 Am2/kg, respectively. 
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Figure 4.23: Box plot of saturation magnetization (Ms) for magnetite packs. 

Tables 4.4 and 4.5 contains the JMP output of the formal ANOVA test. The 

ANOVA test indicates that the differences between the Ms of the different magnetite 

packs are statistically significant (P < 0.0001), with a very high R-square value of 0.98 

and low root mean square error (RMSE), ~1.17 (Table 4.4). To explore the statistical 

significance and the spatial relationship between the means of the different magnetite 

packs, we used the Tukey-Kramer HSD to compare the means (Table 4.5). The result 

for the comparison of the means is expressed as Connecting Letters Report in Table 

4.5. The result shows that the means of all samples are statistically different from one 

another. This indicates spatial differences between the different locations the 

magnetite packs were installed. 
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Table 4.4: Output of the ANOVA for magnetite packs. 

Descriptive Statistics      

R-square 0.979     

Mean of response 

Root Mean Square Error 

10.007 

1.168 

    

Observations 270     

      

Analysis of Variance (ANOVA)     

 Degrees 

of 

Freedom 

Sum of 

squares 

Mean Square F Ratio Prop > F 

Depth (Between Groups) 4 16862.607 4215.65 3088.946 <0.0001 

Error (Within Groups) 265 361.66 1.36   

C. Total 269 17224.267    

      

Means of Oneway ANOVA     

Magnetite Packs N Mean Std Error  Lower 

95% 

Upper 95% 

FM 30 22.681 0.213 22.261 23.101 

310 60 20.211 0.151 19.914 20.508 

411 60 2.741 0.151 2.444 3.038 

534 60 4.735 0.151 4.438 5.032 

925 60 6.004 0.151 5.707 6.301 

 

Table 4.5: Comparison of magnetite packs using Tukey-Kramer HSDôs connecting 

letters report. 

Connecting Letters Report       

Magnetite Packs      Mean 

FM A*     22.681 

310  B    20.211 

925   C   6.004 

534    D  4.735 

411     E 2.741 

*Magnetite Packs not connected by the same letter are statistically significant. 
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4.2.2 Depth Variability using Core Samples 

The ANOVA test for the core samples explores the statistical variability 

between samples retrieved from the different depths. Figure 4.24 shows the box plots 

for the Ms for the depths of the core samples, the width of the box plot is indicative of 

the number of samples from each depth.  

For the upper vadose zone (UVZ), the number of samples (N) is 6, the mean 

Ms is 0.11 Am2/kg, the standard deviation is 0.05 Am2/kg, and the variance is low, 

about 0.002. The minimum Ms is 0.047 Am2/kg, the maximum is 0.163 Am2/kg, and 

the median is 0.11 Am2/kg. 

For the lower vadose zone (LVZ), N is 12, the mean Ms is 0.13 Am2/kg, the 

standard deviation is 0.07 Am2/kg, and the variance is 0.005. The minimum Ms is 

0.018 Am2/kg, the maximum is 0.23 Am2/kg, and the median Ms is 0.15 Am2/kg.  

For the water table fluctuation zone (WTFZ), N is 9, the WTFZ has the least 

mean, 0.09 Am2/kg. The standard deviation is 0.08 Am2/kg, the minimum Ms is 0.01 

Am2/kg, the maximum is 0.22 Am2/kg, and the variance is 0.006.  

For the saturated zone (SZ), N is 6, the mean Ms is 0.10 Am2/kg, the standard 

deviation is 0.07 Am2/kg, and the variance is 0.005. The minimum, maximum, and 

median Ms are 0.02 Am2/kg, 0.21 Am2/kg, and 0.10 Am2/kg, respectively. 
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Figure 4.24: Box plot of saturation magnetization (Ms) for core samples by depth. 

UVZ ï upper vadose zone, LVZ - lower vadose zone, WTFZ- water table 

fluctuation zone, SZ ï saturated zone. 

For the core samples, the JMP output of the formal ANOVA test of the core 

samples is shown in Table 4.6. The ANOVA test indicates that the core samples 

retrieved from the UVZ, LVZ, WTFZ, and SZ are not statistical different (P = 0.64). 

This was expected as the box plot shows overlapping error bars (Figure 4.24). The R-

square and RMSE are low, 0.06 and 0.07, respectively (Table 4.6). 
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Table 4.6: Output of the ANOVA for the core samples. 

Descriptive Statistics      

R-square 0.055     

Mean of response 

Root Mean Square Error 

0.109 

0.068 

    

Observations 33     

      

Analysis of Variance (ANOVA)     

 Degrees of 

Freedom 

Sum of 

squares 

Mean 

Square 

F Ratio Prop > F 

Depth (Between Groups) 3 0.008 0.0026 0.5661 0.6417 

Error (Within Groups) 29 0.134 0.0046   

C. Total 32 0.141    

      

Means of Oneway 

ANOVA  

     

Depths N Mean Std 

Error  

Lower 95% Upper 95% 

UVZ 6 0.105 0.028 0.049 0.162 

LVZ 12 0.128 0.020 0.088 0.168 

WTFZ 9 0.090 0.023 0.044 0.137 

SZ 6 0.102 0.028 0.046 0.159 

 

4.3 Microscopy 

4.3.1 SEM Imaging and EDS Analysis of Magnetite Packs 

The preference for microscopy on the magnetite packs was based on the results 

of the MPMS measurements. Since the 534 magnetite pack showed the greatest 

deviation from the FM, it was selected as a suitable representative for samples within 

the oil pool, while 310 magnetite pack was selected as a representative for sample 

outside of the oil pool.   

SEM imaging of the magnetite packs revealed two distinct types of mineral 

grains. Euhedral angular shaped magnetic mineral (Figure 4.25A) and aggregates of 
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cubic shaped (~180 µm in diameter) magnetic mineral (Figure 4.25B). These two 

populations were present in all of the magnetite pack samples analyzed. The SEM 

micrographs of the isolated mineral grains in the magnetite packs showed no 

observable, slight or considerable variation from the FM according to the location; 

within or outside of the oil pool. The SEM for the FM showed a very smooth surface 

for the magnetic mineral (Figure 4.25D). The EDS analyses suggest the major 

elements are Oxygen (O) and Iron (Fe) with atomic % in the ratio 55:45 (Figure 

4.25E), which is in the range characteristic of magnetite (Fe3O4) with a 5% error. 

The 310 magnetite pack shows no observable surface alteration in the SEM 

micrograph (Figures 4.26A ï D), which was similar to the FM. The EDS analyses 

suggest the major elements are Oxygen (O) and Iron (Fe), with minor elements such as 

Aluminum (Al) and Silicon (Si), the minor elements are consistent with elements 

present in clay minerals. The ratio of the atomic % of Fe to O is 40:57 (Figure 4.26E), 

this is consistent with maghemite, with minor alteration of Fe. 

The 534 magnetite packs showed significant and observed changes on the 

surface of the mineral grains. For June 2019, the grains showed slight surface 

alteration, most notably is the apparent roughness of the grain surfaces (Figures 4.27A 

ï D). The major elements from the EDS analysis are O and Fe, however the mineral 

shows a greater atomic % of O compared to the FM and the 310 magnetite pack 

outside of the oil pool. The ratio of the atomic % of Fe to O is 39:60 (Figure 4.27E), 

this is consistent with an iron mineral of the formula Fe2O3. 

The SEM micrograph for 534 magnetite pack retrieved in October 2019 

showed more pronounced roughness, discoloration, and significant cracking on the 

surface of the grains (Figures 4.28A ï D). The measurable cracking on the surface 
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varies between 1 µm to 2.35 µm. EDS analysis suggest the major elements are Iron 

(Fe) and Oxygen (O) with atomic % in the ratio 38:62 (Figure 4.28E). 

The August 2020; 534 magnetite packs shows increased roughness, 

discoloration, and cracking on the surface of the grains compared to the corresponding 

magnetite pack retrieved in October 2019 (Figures 4.29A ï D). However, some of the 

cracks appears as filled surfaces rather than grooves (Figure 4.29D). EDS analysis 

suggest the major elements are Iron (Fe) and Oxygen (O) with atomic % in the ratio 

40:60 (Figure 4.29E). 
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Figure 4.25: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of magnetic mineral separated from 

the fresh magnetite (FM): (A, B, C) SEM micrographs, (D) surface of 

mineral shown in C, (E) EDS analysis of the surface layer of inset image. 
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Figure 4.26: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of magnetic mineral separated from 

310 magnetite pack (October 2019): (A, B, C) SEM micrographs, (D) 

surface of mineral shown in C, (E) EDS analysis of the surface layer of 

inset image. 
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Figure 4.27: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of magnetic mineral separated from 

534 magnetite pack (June 2019): (A, B, C) SEM micrographs, (D) 

surface of mineral shown in C, (E) EDS analysis of the surface layer of 

inset image. 
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Figure 4.28: Scanning electron microscope (SEM) micrographs and energy-

dispersive X-ray spectroscopy (EDS) analysis of magnetic mineral 

separated from 534 magnetite pack (October 2019): (A) SEM 

micrograph, (B) surface of mineral shown in A, (C, D) SEM micrograph 

of mineral surface, (E) EDS analysis of the surface layer of inset image. 
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Figure 4.29: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of magnetic mineral separated from 

534 magnetite pack (August 2020): (A, B, C) SEM micrograph of 

mineral surface, (D) SEM micrograph of mineral surface shown in C, (E) 

EDS analysis of the surface layer of inset image. 
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4.3.2 SEM Imaging and EDS Analysis of Ferrihydrite Packs 

The control ferrihydrite pack (FFh) shows distinct mineral precipitates on the 

surface of the grains in the SEM micrograph (Figures 4.30A ï D). These surface 

precipitates are likely caused by the transformation of the ferrihydrite to an iron 

(hydr)oxide (e.g., goethite) as observed from the low temperature magnetometry 

(Figures 4.18A ï D).  The EDS analyses confirms this observation with O and Fe as 

the major elements with an atomic % of Fe to O is 31:61 (Figure 4.30E), consistent 

with goethite (FeOOH), barring hydrogen (H) which is not detectable using EDS 

analysis. The sample also contains minor elements such as Aluminum (Al), Sodium 

(Na), and Chlorine (Cl). 

The surface mineralization observed on the ferrihydrite packs are also present 

on the August 2020; 411 ferrihydrite packs likely associated with iron oxide alteration 

(Figures 4.31A ï D). However, the EDS analyses suggests alteration iron oxide 

alteration, which may be indicative of magnetite (Figure 4.31E), observed on the low 

temperature magnetometry (Figures 4.18E and F). The atomic % of Fe to O is 48:51 

(Figure 4.31E). 
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Figure 4.30: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of sample from the fresh ferrihydrite 

(FFh): (A, B, C) SEM micrograph of mineral surface, (D) SEM 

micrograph of mineral surface shown in C, (E) EDS analysis of the 

surface layer of inset image. 
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Figure 4.31: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of sample from the 411 ferrihydrite 

pack retrieved in August 2020: (A, B, C) SEM micrograph of mineral 

surface, (D) SEM micrograph of mineral surface, (E) EDS analysis of the 

surface layer of inset image. 
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4.3.3 SEM Imaging and EDS Analysis of Core Samples 

SEM micrographs of the isolated magnetic grains from the core samples show 

significant cracking on the surface of the grains consistent with observations on the 

magnetite packs. However, these surface cracks are more extensive and appear as deep 

grooves that appear to extend to the interior of the mineral, with minor infillings 

(Figures 4.32A and B). EDS analyses shows the magnetic mineral is an iron oxide, 

with an atomic % of Fe to O is 42:57 and contains minor elements such as Al and Si 

(Figure 4.32C). 
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Figure 4.32: Scanning electron microscope (SEM) micrographs and energy-dispersive 

X-ray spectroscopy (EDS) analysis of magnetic mineral separated from 

the 2019 core sample; 1905-9-8: (A) SEM micrograph of mineral, (B) 

SEM micrograph of mineral surface shown in A, (E) EDS analysis of the 

surface layer of inset image. 

4.4 Geochemistry Data 

The contour plot for the aqueous geochemistry and gas data from the Bemidji 

site are shown in Figures 4.33 ï 4.35 and discussed in this section. The aqueous 

geochemistry data were obtained below the water table, while the gas data are 
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obtained from the vadose zone. Note the differences in elevation in the figures. The 

yearly trend of the water level over the past 20 years is shown in Appendix A3. 

4.4.1 Dissolved Fe (II) 

The dissolved Fe (II) concentration is highest at the center of the oil body 

(Figure 4.33). This is consistent with the geochemical zones shown in Figure 2.2. The 

highest concentration of dissolved Fe (II) was in 2009 ï 2012 a peak value of 25 mg/L 

(Figure 4.33A). This decreased to a maximum concentration of 10 mg/L in 2015 ï 

2019 (Figures 4.33B and C). 

 

Figure 4.33: Contour plot of dissolved Fe (II) of the groundwater: (A) 2009 ï 2012, 

(B) 2015 ï 2017, and (C) 2019. The location of mineral columns 310, 

411 and 534 are shown at the top. 
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4.4.2 Methane (CH4) Gas 

CH4 gas data shows a methanogenic zone at the center of the oil body (Figure 

4.34). CH4 concentration has remained fairly constant for all years. However, the data 

indicates that CH4 production was slightly higher in 2011 ï 2012 (Figure 4.34A) and 

progressively lesser in later years (Figures 4.34B ï D). 

 

Figure 4.34: Contour plot of methane (CH4) gas data from vadose zone: (A) 2011 ï 

2012, (B) 2013 ï 2014, (C) 2016 ï 2017, and (D) 2018 - 2019. The 

location of mineral columns 411 and 534 are shown at the top. 
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4.4.3 Carbon dioxide (CO2) Gas  

The CO2 gas data shows CO2 production from the center of the oil body 

(Figure 4.35). The CO2 concentration were lowest in 2011 ï 2012 with a maximum 

value of 12% by volume (Figure 4.35A) and increased in later years to a maximum of 

~16% by volume (Figures 4.35B ï D). 

 

Figure 4.35: Contour plot of CO2 gas data from vadose zone: (A) 2011 ï 2012, (B) 

2013 ï 2014, (C) 2016 ï 2017, and (D) 2018 - 2019. The location of 

mineral columns 411 and 534 are shown at the top. 
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Chapter 5 

DISCUSSION 

5.1 Magnetic Mineral Phases 

Past research has reported several Fe-bearing minerals to be associated with 

hydrocarbon-contaminated sediments, including magnetite (Rijal et al., 2012, Ameen 

et al., 2014), maghemite, hematite (Emmerton et al., 2013), ferrihydrite, siderite, and 

ferroan calcite (Baedecker et al., 1993; Tuccillo et al., 1999). 

At the Bemidji site, low temperature magnetometry measurements within and 

outside the plume indicate that the dominant magnetic mineral is a 

magnetite/magnetite-like phase identified by a prominent TV in all the core samples 

measured (Figures 4.19 ï 4.21). This observation is consistent with previous studies at 

the site which found magnetite within the WTFZ to be directly responsible for 

magnetic susceptibility enhancement at the site (Atekwana et al., 2014, Lund et al., 

2017). 

Maghemite; ‎&Å/  is also present at the site. Maghemite is a partially 

oxidized or cation-deficient magnetite (Dunlop & Özdemir, 1997). Maghemite may be 

created via a variety of different pathways, including the dehydroxylation of 

lepidocrocite, but the most common method for the formation of maghemite is the 

topotactic oxidation of magnetite (Cormell & Schwertmann, 2003). Magnetic evidence 

for maghemite include 1) decreasing Ms with increasing oxidation of magnetite 

(Figures 4.1A and 4.3A, Dunlop & Özdemir, 1997), 2) higher coercivities for 

maghemite (Figures 4.1B, 4.3B, and 4.4, Özdemir et al., 1993), 3) increasing 

remanence retention during RTSIRM experiments (Figures 4.17, 4.19 ï 4.21), and  4) 
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the suppression of Tv in the RTSIRM curves (Figures 4.17, 4.19 ï 4.21). This is 

caused by the deviations from stoichiometric magnetite, which have pronounced effect 

on the Tv (Özdemir et al., 1993). These observations were conspicuous in the core 

samples and less pronounced in the magnetite packs. SEM micrograph and EDS 

analyses provides the most direct evidence for maghemite at the site. The appearance 

of shrinkage cracks on the surface of the crystal grains in both the magnetite pack and 

core samples is further evidence of maghemite (Figures 4.28, 4.29, 4.33 and 4.34). 

Furthermore, quantification of the elemental composition for the samples provides 

conclusive affirmation of maghemite with ratio of Fe to O of ~40 to 60% 

characteristic of maghemite. 

The other magnetic minerals identified at the site are hematite, identified by 

the Morin transition at ~250K (Figure 4.20D, Morin, 1950) and goethite, identified by 

the monotonic decrease in magnetization with increasing temperature (Figures 4.18A 

ï D, Özdemir & Dunlop, 1997). The presence of hematite is noted in only the 2017 

sample retrieved within the WTFZ. Since this was recorded in just a single sample 

from the nine core samples measured and magnetite packs, the origin of the hematite 

is unclear. Goethite was present in all the ferrihydrite packs analyzed including the 

control ferrihydrite pack, the only exception to this was the 411 ferrihydrite pack 

retrieved in August 2020, which displayed a curve typical of magnetite (Figures 4.18 

E and F). The possible explanation for the appearance of goethite and not ferrihydrite 

is the conversion of ferrihydrite to goethite. Ferrihydrite is a metastable mineral and 

the transformation of ferrihydrite to goethite is one of the most frequently observed 

transformation pathways (Aeppli et al., 2019). 
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5.2 Magnetic Mineral Transformation and Loss of Magnetization 

Under varying environmental conditions, there are several distinct factors or a 

combination of factors that may lead or contribute to the loss of magnetization, such as 

reduction, dissolution, maghemitization, and oxidation. Each of these factors possesses 

distinctive magnetic and mineralogical signatures and the presence or absence of 

certain iron minerals serve as litmus tests for a number of reaction(s) that may be 

occurring at this site. 

The reduction of microbially produced magnetite to siderite (FeCO3) has been 

the dominant hypothesis for the loss of magnetization at this site (Atekwana et al., 

2014; Lund et al, 2017). Siderite is paramagnetic at ordinary temperatures and 

therefore expected to have low Ms (Dunlop & Özdemir, 1997) and relatively low 

magnetic susceptibility between 13 ï 110   10-4 SI (Dearing, 1994). This hypothesis 

is appealing because it agrees with existing microbial and geochemical observations at 

the site. Some of this evidence include the existence of specific bacteria, such as 

Geobacter, known to reduce magnetite (Beaver et al., 2016; Byrne et al., 2015; 2016). 

The geochemistry of the site also favors this hypothesis, the anoxic and pH neutral 

conditions at the site are thermodinamically suitable for the siderite and/or vivianite 

(Porsch et al., 2010). While these evidences seem to support the hypothesis of 

reduction, the magnetic measurements suggests no evidence of siderite or vivianite at 

the site. The presence of siderite is detectable in low temperature magnetometry 

marked by the presence of Néel transition (TN) at a temperature of ~38K (Jacobs, 

1963; Housen et al., 1996). However, there is no evidence for TN in all measured 

magnetite packs and core samples. Vivianite (Fe3[PO4]2.8H2O) has a Néel temperature 

<15K (Fredrichs et al., 2003), which was not observed in any of the low temperature 

magnetometry measurements. Further, geochemistry data from the Bemidji site shows 
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no evidence of phosphate in the environment. Iron reduction is known to sometimes 

produce secondary iron sulfides (pyrrhotite and pyrite), depending on available 

electron donors and the prevailing conditions (Hansel et al., 2003). The monoclinic 4C 

pyrrhotite polytype possesses a magnetic transition temperature of ~32K (Volk et al., 

2018) which was absent in low temperature magnetometry measurements, and 

pseudohexagonal pyrrhotite displays the ólambda transitionô at temperatures between 

200 and 250°C which was absent in high-temperature susceptibility measurements on 

core samples, suggesting no evidence of magnetic iron sulfides (Figure 4.22). Hence, 

although reduction may be one of the processes occurring at the site, it is not likely 

related to the loss of magnetization at the site. 

Dissolution of magnetite and other magnetic minerals at the site is another 

process that may account for the loss of magnetization at the site. Mineral dissolution 

has been identified as one of the processes ongoing at the Bemidji site (Delin et al., 

1998) and the strongly anoxic conditions known to occur within the center of the 

plume (Figure 2.2) are consistent with the occurrence of magnetite dissolution. The 

reductive dissolution of magnetite by Geobacter sulfurreducens (Byrne et al., 2016; 

Kostka & Nealson, 1995) or the transformation of magnetite to hematite via 

dissolution and reprecipitation (Lagoeiro, 1998) is also possible and would account for 

the precipitous decrease in Ms with time observed for magnetite packs within the 

plume and hematite observed in the 2017 core sample. It is possible that dissolution of 

nano-sized microbially produced magnetite around 2011 resulted in the loss of 

magnetic susceptibility subsequently recorded in 2014 and 2015. If dissolution is 

active at the site, the stability of alkalinity concentrations at the site between 2011 and 

2015 (Lund et al., 2017) is puzzling. However, we cannot explain the substantial drop 
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in Ms values observed within the plume without invoking dissolution and we believe it 

plays an important role at some places within the Bemidji site, as discussed below. 

Maghemitization is undoubtedly contributing to the loss of magnetization at 

the site with evidence provided from both magnetic measurements and electron 

microscopy. Maghemitization is a low temperature oxidation or weathering process 

that occurs mostly on the mineral surface and is the most common oxide mineral 

alteration. (Dunlop & Özdemir, 1997; Özdemir et al., 1993). The mechanism for 

maghemitization is the diffusion of Fe2+ from the interior of a magnetite sample to a 

free surface converting the magnetite to a maghemite (Dunlop & Özdemir, 1997). 

Maghemite formed through this process results in a decrease in density from the 

starting magnetite due to the loss of Fe2+ (Cormell & Schwertmann, 2003): 

τὊὩὕ  ὕ Ą φὊὩὕ  ρ 

Magnetic and EDS analysis of the magnetite packs and core samples confirms 

the presence of maghemite at the site, with all the core samples showing the magnetic 

hallmarks of maghemitization and maghemite discussed in section 5.1 (Figures 4.17, 

4.19 ï 4.21; Özdemir & Dunlop, 2010). Additionally, the appearance of shrinkage 

cracks on the surface similar to the observations of Dunlop & Özdemir (1997) is 

conclusive evidence supporting maghemitization of magnetite crystals at the site 

(Figures 4.27, 4.28, and 4.32). Although, maghemitization is an active process 

occurring at this site up to 2019, it cannot account for the ~90% drop in Ms recorded in 

magnetite packs within the free phase of the plume. The Ms of maghemite is generally 

~20% less than that of magnetite (Dunlop & Özdemir, 1997), and so even if all of the 

magnetite was converted to maghemite, it would be impossible to account for a 90% 

decrease. Thus, within the plume we must invoke mineral dissolution to account for 
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the drop in magnetization. Mineral dissolution may not be occurring outside of the 

plume, as maghemitization could account for the much lower ~10% loss observed in 

Ms in the magnetite packs. 

However, the co-occurrence of both maghemitization and magnetite 

dissolution at Bemidji is confounding. Maghemitization is typically thought of as a 

process occurring in oxygen rich environments (Cornell & Schwertmann, 2003), 

whereas magnetite dissolution occurs primarily in anoxic environments. Geochemical 

measurements reveal that the center of the Bemidji plume is highly anoxic. One 

possible explanation that we favor here that would allow maghemitization within an 

anoxic plume is that magnetite is losing electrons (oxidizing) as part of microbial 

cycling occurring at the site. In short, we propose microbially-induced anaerobic 

oxidation of magnetite.  

5.3 Microbial Influence on Magnetic Mineral Transformation  

Unmixed coercivity spectra show two distinct magnetic components in the 

core samples, which we interpret as detrital and biogenic magnetite (Figure 4.6B and 

4.7A). The detrital component that we interpret here is consistent with populations of 

large grains within the glacial outwash sediment at the Bemidji site. The high 

coercivity component is consistent with microbially mediated magnetite produced in 

situ within the sediment after deposition. The percentage of remanence held by the 

high coercivity biogenic component within the smear zone is highest at the center of 

the oil body (80%, 1713) and becomes progressively lower with increasing distance 

from the center of the oil body (Figure 4.7B). Additionally, the plots of the FORC 

distribution for the core samples shows a higher coercivity tail moving out along the 

Bu = 0 axis (Figures 4.13 ï 4.16), which is interpreted as the single domain (SD) 
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magnetic grains within the core samples likely of biogenic origin. This is markedly 

dissimilar from the FORC distribution of the magnetite packs, which shows a MD 

dominated grains with low coercivity symmetric about the Bu = 0 axis (Figures 4.8 ï 

4.12). Despite this evidence for the occurrence of magnetite of biogenic origin at the 

site, an outstanding question which persists is, can microorganisms be simultaneously 

responsible for both the production of magnetite and its oxidation (maghemitization) 

at the site? 

Magnetic and microbial evidence from the site support the plausibility of 

microbial-induced oxidation of magnetite. Magnetic evidence supporting microbial 

oxidation at the site can be inferred from the ANOVA test performed on the magnetite 

packs and core samples. For the magnetite packs, the ANOVA test shows that a spatial 

relationship exists for the samples in relation to the center of the plume. The enhanced 

decrease in Ms for magnetite packs in the free phase (or pit) compared to 925 

magnetite pack in the dissolved phase of the plume and 310 magnetite pack outside 

the plume may be indicative of enhanced microbial oxidation at the center of the 

plume (Bekins et al., 2005) combined with dissolution. Similarly, although the core 

samples showed no depth relationship in the ANOVA test, the Ms of samples within 

the WTFZ had the least mean. Atekwana et al. (2014) showed that the WTFZ is a zone 

of microbial enrichment. MS measurements were highest within the WTFZ in 2011 

and ascribed to the microbial precipitation of magnetite (Atekwana et al., 2014; Lund 

et al., 2017). This hypothesis of enhanced oxidation by microbial activity at the center 

of the oil pool is supported by the MS-temperature curves (Figure 4.22). The samples 

within the free phase (1604, and 1713) shows a relatively higher Curie temperature 

and larger observed increase in susceptibility in the heating curves at 500ęC (Figures 
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4.22A ï D) compared to samples within the dissolved phase of the plume (Figures 

4.22E and F). This increase in the susceptibility is related to the inversion of 

maghemite or titanomaghemite to a stable phase Fe mineral at temperatures above 

250ęC and is dependent on the degree of oxidation of the maghemite (Özdemir & 

Banerjee, 1984; Özdemir, 1987). Thus, the differences observed in samples within the 

free phase of the plume and the dissolved phase of the plume and the generally higher 

Curie temperatures may be indicative of higher degree of oxidation promoted by 

microbial action in samples within the anoxic free phase of the plume. 

Furthermore, microbial studies at the site confirms the existence of an iron-

oxidizer Rhodopseudomonas capable of oxidizing magnetite (Beaver et al., 2021). 

Rhodopseudomonas has been shown in laboratory experiments to oxidize magnetite, 

even in environments devoid of oxygen, leading to a loss in MS (Bryne et al., 2015; 

2016).  However, the microbiology data does not show any known iron oxidizer 

within the WTFZ. Instead, the zone is dominated by methanogens and their syntropic 

partners and the Rhodopseudomonas at the Bemidji site was found above the WTFZ 

(Beaver et al., 2021), but its occurrence at the site points to a possible pathway for 

microbial oxidation. Alternatively, the iron oxidation may be a product of the switch 

in metabolism noted in methanogens. Recent studies indicate that methanogens are 

capable of switching their metabolism between methanogenesis and iron reduction 

(Beaver et al., 2021; Sivan et al., 2016). Additionally, iron oxides such as magnetite 

and maghemite has also been shown to enhance direct interspecies electron transfer 

(DIET) particularly in syntrophic-methanogenic associations (Xu et al., 2019). The co-

occurrence of the methanogenic zone and iron oxide enrichment within the WTFZ 

suggests some influence of anaerobic digestion that produces methane on the 
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magnetite at this site. Current studies on DIET has focused on the impact of different 

iron oxides on the syntrophic methanogenic communities and not on the effects on the 

iron oxides (Li et al., 2015; Xu et al., 2019). However, it is not unfounded to 

hypothesize a net oxidation effect on the iron oxides, which acts as an electrical bridge 

mediating electron transfer from donors to acceptors (Li et al., 2015). 

One limitation of this study is the nature of the magnetite used in the magnetite 

packs. The measured Ms of the fresh 5% magnetite, 95% quartz sediment pack (22.68 

Am2/kg)  is significantly higher than the expected theoretical value of ~4.6 Am2/kg for 

a sediment containing 5% magnetite (Dunlop & Özdemir, 1997). The higher-than-

expected Ms value suggests that either the magnetite was concentrated beyond 5% in 

the fresh magnetite sample, or that the magnetite packs used for this study contained 

traces of minerals with higher Ms values (such as might occur if the magnetite was 

produced from the oxidation of metallic iron). This ambiguity limits our ability to use 

decreasing Ms values to estimate the relative contributions of dissolution and 

oxidation. However, the stability of the control sample and the 310 magnetite pack 

outside of the plume is unmistakable evidence that dissolution and oxidation are both 

occurring within the plume center and are jointly responsible for the rapid decline in 

Ms.  

5.4 Controls on the Fluctuations in Magnetization 

The temporal fluctuation in magnetic susceptibility recorded in 2011 ï 2015 

(Figure 1.1, Lund et al., 2017) and variation in saturation magnetization recorded in 

both the magnetite and ferrihydrite packs in 2019 and 2020 (Figures 4.1A and 4.2) 

allows for inference on the control of these fluctuations in magnetization at the site. 

These fluctuations of increasing and decreasing magnetization at the site suggest two 
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different transformation mechanisms: an oxidation reaction for the loss in 

magnetization, as discussed in section 5.2 and a reduction reaction for the increase in 

magnetization (Figure 5.1). 

One explanation favored for this variation in the reaction at this site is 

fluctuating water levels, with oxidation at low water levels and reduction at high water 

level (Bryne et al., 2015). Bryne et al. (2015) reported that variations in the hydrologic 

conditions can trigger changes between reduction and oxidation phases in magnetite. 

Aqueous data from the Bemidji site suggests that around 2011, the water level was at 

the highest level for about a decade (Appendix A3) and dissolved Fe (II) levels were 

higher than subsequent years (Figure 4.33). This observation of the occurrence of high 

dissolved Fe (II) is consistent with Hansel et al. (2005), which showed the formation 

of magnetite is possible only at high concentrations of dissolved Fe (II). It is unclear 

how high water levels catalyze a change in the geochemical conditions at the site. The 

trifecta of high water level, dissolved Fe (II), and magnetization suggest the possibility 

of reduction reactions in 2011 that resulted in increased magnetization. 

Additionally, gas data from the site shows lower CO2 levels around 2011, 

which extended in later years (Figure 4.35) and conversely higher CH4 production in 

2011, which has subsequently diminished (Figure 4.34). Previous studies at the study 

site show that the free phase plume is undergoing methanogenesis (Bekins et al., 2001) 

consistent with the presence of Methanoregula. Also, the presence of the 

methanotroph Methylocystis suggests a relationship between CH4 and CO2 levels, 

where Methanoregula produces CH4 which in turn is oxidized by Methylocystis into 

CO2 (Beaver et al., 2021). Since the microbiological data does not show temporal 

variation in the microbial population, this suggest that methane production at the site 
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has been constant. Thus, the lower levels of CO2 and higher CH4 levels noted in 2011 

and their later increased and diminished levels respectively may be indicative of 

prevailing oxidizing conditions after 2011, leading to increased CO2 production and 

decreased CH4 level. However, the primary reaction around 2011 was reducing 

resulting in less CO2 production and increased CH4 levels. 

This hypothesis of fluctuating water levels acting as a control for the 

fluctuations in magnetization is chiefly based on the geochemistry measurements in 

2011 ï 2019. A suitable check for the validity of this hypothesis is the geochemistry 

measurements in 2020 to ascertain if the measurements are consistent with the 

observations in 2011. However, as at the time of this thesis work that data is not 

available. Further studies are needed to confirm these findings and reveal the complex 

nature of the hydrological and biogeochemical processes involved and the paired 

oxidative and reductive reactions. 
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Figure 5.1: Plot of saturation magnetization, Ms versus time elapsed in months for 

(A) magnetite packs and (B) ferrihydrite packs. The starting value (time 

elapsed = 0) are the values for the fresh magnetite (FM) and fresh 

ferrihydrite packs (FFh). 
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Chapter 6 

CONCLUSION 

The investigation of the mineralogy and processes ongoing at the Bemidji site 

using magnetic data helps to identify the mineral transformations and associative 

magnetic minerals that account for the loss of magnetization previously recorded and 

observed in magnetite packs and core samples retrieved from the site. 

The primary magnetic minerals observed at the site are magnetite and 

maghemite. The occurrence of maghemite at the site strongly suggest maghemitization 

is a reaction partially responsible for the loss of observed magnetization. Outside of 

the plume, we observe only maghemitization.  However, within the center of the 

plume, we observe dissolution and maghemitization of magnetite. However, the origin 

of the maghemitization may be different within and outside of the plume. The 

maghemitization occurring outside of the plume results in only minor losses of 

magnetization and is likely associated with abiotic oxidation. The maghemitization 

inside the plume observed via magnetic measurements and scanning electron 

microscopy is occurring within a zone known to be strongly anoxic and we argue is 

the result of microbially-mediated anaerobic oxidation. Yet, the dramatic loss of 

magnetization in magnetite packs interred within the plume, cannot be explained 

solely by maghemitization and we suggest that mineral dissolution is also occurring. 

While iron-oxidizing microorganisms have been identified at the Bemidji site, they 

have not yet been identified within the WTFZ and will remain a tantalizing focus for 

future microbiological studies at the site. 
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This study contrasts previous studies that have suggested reduction of 

magnetite to siderite as the cause of the loss of magnetization at the site (e.g., 

Atekwana et al., 2014; Lund et al., 2017). These studies cite the anoxic condition 

within the plume as the dominant evidence favoring this hypothesis. Microbially-

mediated anaerobic oxidation of magnetite at the site would overcome such 

arguments. Bryce et al. (2018) reported microorganisms and mechanisms for the 

anaerobic oxidation of magnetite related to nitrate reduction to form N2. While N2 gas 

data from the site is inconclusive, they do show elevated quantities of N2 at discrete 

locations near the plume. The magnetic and scanning electron microscopy results 

presented in this study are most harmoniously interpreted within the context of 

microbially-mediated anaerobic oxidation at the Bemidji site. 

One objective that is minimally explored in this study is the controls for the 

fluctuations in magnetization observed at the site. The most favorable hypothesis is 

that fluctuating water levels acts as a control for the fluctuations in magnetization, 

with oxidation at low water levels and reduction at high water level triggering iron 

cycling related to fluctuations in magnetization. This is a preliminary hypothesis and 

future extensive hydrological and geochemical analysis are needed to validate this 

hypothesis. 
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