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ABSTRACT

Iron mineral transformation occurring in hydrocarbmyntaminated 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/tirocarbons 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 makintelong/S
monitoring uncertain. Furthermore, tinen mineral phases acting as transformation
reactants and products associated with this-tenm decrease in MS remain largely
unknown. To address these ambiguities, we collected detailed mineral magnetism
measurements, including hysteresis loops, belk@iurves, 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 dezseasaturation magnetization
(Ms) with time, where samples within the oil pool showed a 90% decrease over an
elevenmonth period compared to 20% for samples outside the oil pool. This loss in
magnetization was accompanied by increases in bulk coer(@4tyndicative 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.

Xiv



This interpretation is supported by the occurrence of shrinkage cracks on the surface
of the grans imaged during SEM analyses. The precipitous decreasawvittiivh 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 wold 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 ithin other areas at the Bemidiji 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 EartfMarkovski et al., 2017and is associated with in the fate,
transport, and cycling of nutrients acohtaminantgHansel et al., 2005 his
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/aegipitate new Fe phasgaristovskaya,

1974, Kappler & Bryce, 2017; Li et al., 20Q9n natural environments, the abiotic
transformation of Fe is driven by parameters such as pH, temperature, oxygen (O
and the presence of particular types of organic compounds that may promote the
oxidation, rediction or dissolution of Feearing minerals and compour(@snescu 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 (Il) oxidation or the use of
O or nitrate (NQ) as a terminal electron accep{mnescu et al., 2015; L. Liu et al.,
2018) During themicrobial reduction of Fe, a common pathway is the reduction of Fe
(1) 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
magnetie) (Hansel et al., 2005; Kappler et al., 2021; Markovski et al., 20hB8se

biogeochemical transformations of Fe minerals are a major feature in environments



such as freshwatesaltwater interface@vicAllister et al., 2015and hydrocarbon
contaminated environmenfRijal et al., 2010)

In hydrocarborcontaminated environments, the presence of contaminants can
alter the physiochmical and biological properties of the subsurfésiebas et al.,
2018) These perturbations can cause both chemical and microbial imbalance, which
may trigger abiotic and/or midoaally induced transformations of Fe minerals
(Truskewycz et al., 2019Y he highly biereactive zones found at hydrocarbon
contaminated sites are ideal environments for the investigation oktiald Fe
transformationgAtekwana et al., 2014; Atekwana & Atekwana, 2083veral
studies have documented Fe mineral (trans)formation in hydrocadmaminated
soils(Atekwana et al., 2014; Baedecker et al., 1992; Lovley, 1990; Rijal et al., 2010;
2012) A common theme in these studieshis microbial transformation of Fe
minerals, where dissimilatory iron reducing bacteria utilize carbon sources in
hydrocarbons to reduce Fe(lll) to Fe(@nderson & Lovley, 2000leading 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 minera
transformations have a profound effect on the magnetic properties of natural sediments
(Maxbauer et al., 2016aand thus magnetic methods can be used to investigate and
quantify Fe cycling.

Magneticsusceptibility (MS) is one of the most commonly used magnetic
tools for monitoring microbiallymediated Fe cyclingViewafy et al., 2011; Porsch et
al., 2010; Rijal et al., 2010; 201Borsch et al. (2010) noted magnetite formation by
microorganisms during ferrihydrite redigst in laboratory experiments and concluded

that MS can serve as a suitable tool for investigating Fe transformation, due to



variations in MS response by different Fe minerals. Similar studies at sites
contaminated by hydrocarbons explored the use of Mi$/&stigate 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 fluctuationz QVTFZ) 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
valuesacross the WTFZ associated with the biodegradation of hydrocarbon by
microbes with ceprecipitation of magnetite. These studies highlight the potential for
the use of MS as a tool for investigating microbraddiated Fe mineral
transformations in the subsface.

However, continuous measurements at hydrocarbon contaminated sites show
that MS signals are transigiitmeen et al., 2014; Lund et al., 201Ameen et al.
(2014) documented decreased MS values assoaigietiydrocarbon 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
Bemid;ji site, where MS measurements showed ~90% losebpt2011 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; Byrnk, @04.5).
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 sdirplet al., 2012)



Thus, our ability to use MS as a tool to investigate the biogeochemical cycling of Fe
requires a more detailed understandhgragnetic mineralogy, their transfoation

products, and properties.
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Figurel.1l: Transient changes in magnetic susceptibility from the Bemidji site. MS
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iron cycling (from Lund et al., 20}7



1.1 Objectives and Scope of Study

This study investigates the iron mineral transformations associated with the
loss of MS previously recorded at a hydrocaroontaminated site using magnetic
methods that are more advanced and diagnostic than MS datavdkbeild on the
previous magnetic measurements at the Bemidji hydrocarbiotaminated 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. ldentify 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 magnetizatio
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 unigue ability to control the
experiment by using known reactants and making intermittent measurements to
monitor changs in the magnetic signals and mineralogy is typically only possible in

laboratory settings and is useful here for understanding the correlation between



microbial communities and iron mineral phases in ngfByene et al., 2015; 2016;

Hansel et al., 2003; 2005)



Chapter 2
STUDY SITE

The study site is the National Crude Oil Spill Fate and Natural Attenuation
Research Siten Bemidji, Minnesota located &titude 47°34.433' N and longitude
95°05.417' W. The site is managedtbgUnited State Geological Survey (USGS)

for long-term research on hydrarbon 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 85Q@re raters (n?)
southwest of the pipeline (Spray zone, Figure 2.1) and subsequently pooled in low
topographical areas and nearby wetland, covering around 2)@there the oil
infiltrated into the subsurface through the unsaturated zone to the water taliegresu
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 tenab
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. 2018 site was adopted as
the National Crude Oil Spill Fate and Natural Attenuai@search site with
investigations beginning in 1983 for logrm research on hydrocarbon degradation

because of the relatively remote location (Lund et al. 2017).



Seasonal water table fluctuations of about 1 m annually occurs across the site
and cause &e 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 zonesimore 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 zorend 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, microblogical, and a few geophysical studies for the past thirty years
(Amos et al., 2012; Atekwanret 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 satuated 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 aermowith dissolved oxygen concentrations between 8 and 10
milligrams per literifng/L), dissolved organic carbon is 2.8 mg/l and nitrate
concentration is 44.8 pg/L as N and sulfate concentration is 2.9 (Bgfinett et al.,

1993) Zone 2 is characterized by low oxygen concentrations and high concentrations
of total dissolvednorganic 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



groundwater contains high concentrations of hydrocarbons, dissolved manganese (ll)
(Mn?*), Fe (ll) (F&**), and methane (CHi(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 shjhtly higher concentrations of dissolved BTEX (benzene, toluene,
ethylbenzene, and xylene) constituents (Delin et al., 1998). Zone 6 has near
atmospheric concentrations of (Welin et al., 1998). Zone 7 is a transition zone with
lower concentrations of {107 20%), hydrocarbon concentrations less than 1 ppm,

and higher concentrations of @@ 1 10%) and CH (01 10%) (Delin et al., 1998).

Zone 8 is relatively anoxic and contains concentrations of(€M%), CH (>10%),

and hydrocarbon (>1 ppm) (Deliha&., 1998).
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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-Broteobacteria, Methanoregula, and Smithella (Beaver et

al., 2016). Recennhtensive 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 bactersuch 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 zoFteerminocola 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 magmegcal

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 populationd?olaromonas, iron reducdrsseobacter, and iron

oxidizersi Rhodopsuedomonas (Beaver et al., 2021). Other microorganisms isolated
within the lower vadose zone include Comamonadaceae, Methylocystis a common
methaneoxidizer, and Devosia (Beaver et al., 2021). The upper vadose zone is an
aerobic zone, imabited mainly by Actinobacteria and Acidobacteria phyla, which are

common soil bacteria (Beaver et al., 2021).
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2.2 Geology of the Study Site
Figure 2.3 shows a cross seatiof the geology of the study site.€elkite

geology consists of an approximat@ly mthick layer of moderately calcareous silty

12




sand and outwash glacial deposits overlying clayeydewneability till of unknown
thickness Bennett et al. 1993). The upp®od unit of this layer consist of ato 6 m

of poorly sorted, interbedded coarse sand, gravel, and silt. Underlying is the thickest
measurable un{tLtO m) composed ofand and gravel containing laminated, siiry

fine sand, and clayfwo well sortedine to medium sand amahinterbedded, poorly

sorted sangub-unit arepresenwithin the thickesunit (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 directiois towards the Northeast, and the water table
ranges from O m, near an unnamed lake to a maxidepthof 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 (Edsati al., 2011). The mean annual

temperatur € 3i7s 4g@gFQut({ E36s@i d et al ., 2011).
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Chapter 3
METHODOLOGY

3.1 Sampling

Two sets of sampbk 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 samplesf 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 (Appendixvade 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 outdide of pooli
one was located upgradient (310), and the other was down gradient (925) of
groundwater flow direction (Figures 2.1 and 2.2). The-ddlimn was deployed
within the fApito (2m from the center of tF
pronourced 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 pakets of magnetite and quartz sand (5% magnetite with an average grain
size of 800.5um mixed with sand of average grain size 286.2um). The ferrihydrite

packs consist of quartz sand coated with ferrihydrite. The 411, 534, and 310 columns
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contains 3 magnetit@nd 3 ferrihydrite packs, while 92®lumn 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 dnine 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. Malgackets 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 cri mp seal e dortodelavenyd tleednstivter e st or
for Rock Magnetism at the University of Minnesota for magnetic measurements.

Samples were maintained in a freegeor to magnetic measurements.

3.1.2 Core Samples

Core samples were retrieved from 7 continuous cores acquiredififenent
siteswithin and outside the plume 8016, 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 esre w
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 aoce barrel containing either a 2.5 to 5 potycarbonate
liner that was pushed through the sediment using a stem auger. For core sections
within the saturated zone, a samfileezing 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 ceoe, but the sampling density was higher during the 2019 field campaigns as
compared to the 2016 and 20fleld campaigns (Figure 2.2).

All core samples retrieved from the sit
transported to the Institute for Rock MagnetisrthatUniversity 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 servetb 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 applyoyglec magnetic field to a
sample or specimen and recording the observed change in magnetization, with M
measured in ampéres square meserklogram Am?/kg) and B in teslasT) (Bertotti,
1998). The properties obtained from the hysteresis loop anel fefletermining 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 (MDglsidomain (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 extedl 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 nomagnetic state with both B and M near zero (black line in Figure

3.1), then an increase indduses a nehinear increase in M, until M reaches a

maximum at a high B; this is tisaturation magnetizationMs (Figure 3.1). Mof a

sample is the point when all the magnetic moments of the sample are oriented in
parallel and an increase in B does cantise 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 thesaturation remanenc®r remanence magnetization; gl derived (Figure

3.1). M is the residual magnetismtaf the field is returned to zemulk coercivity,

Bc is the magnetic field required to return M to zero. The saturation magnetization
(My), saturation remanence (Mbulk coercivity (B), and coercivity of remanence

(Bcr) measured on the backfield cus\ae the hysteresis properties.
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Figure3.1: Hysteresis loop. Plot of magnetizing field (B) versus magnetization (M).
Ms = saturation magnetization,™ saturation remanence; 8 bulk

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 squarenes8(§iversis B; and the Day plot

(Day et al., 1977). The squareness/ratio @Mdis a measure of the degree to which




the shape of a hysteresis loop becomes upright as it approaches unity (Tauxe et al.,

2002). Plotting the squareness versus this Bseful to diferentiate 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/tteeE ratio. The Day

plot has been widely used to characterize the bulk averageetiagrain size and

designates a sample as single domain (SIMMO 0 ../B;O B . 5) -singes eu d o
domain (PSM;O 00 .0%;/BLOM4 )O oBr mul tdMdd mai n ( MI
0.05;B/Bc.O 4); wusually, the gr applemerstaryFigureé ncr e as
S9; Cormell & Schwertmann, 200Bauxe, et al., 2002More recently the Day plot

has fallen out of favor, as research has shown that vortex states aghysically
reasonabl e explanations for <ciiageges i n hys
domain behavior.o We recognize this change
plots but include the plot here simply to demonstrate the relative change in magneti

grain size.

Hysteresis loops were measured using a vibrating sample magnetometer
(Princeton MicroMag) at the University of
(IRM). Sample preparation involved weighing each sample and since the samples
were loosesediments, 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 dsa 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 minenadcks, which serve as control.

20



Table3.1: Hysteresis loop parameters from Vibrating Sample Magnetometer
(Princeton MicroMag).

Hysteresis Loop Parameters

Applied field Maximum 1T
Applied Field Increment 5mT
Averaging Time 100 msec
Pause at Maximum Field 1sec
Averages 1

3.2.2 Backfield Curves

Backfield curves are measured in zero field to obtairctieecivity of
remanence Bcr. Beris a measure of the field needed to drive thedviero (Figure
3.2). Backfield curves were measured using a vibrating sample magnetometer
(Princeton MicroMag) at the University of
(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 6unmixingd the bet
magnetic mineral assemblagéteslop & Dillon, 2007) Coercivity spectra are

obtained from the backfield remanence curves using numerical unmixing procedures.
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Figure3.2: Backfield curve collected in zero field.

The outputs from the software are the mean coercivity (Bépedsion
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), wherersmall
(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 distribation in

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 fid 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 remanenaeves were evaluated for all
magnetite pack samples using the MaxUnmix softWlsliexbauer et al., 2016b)
However, for some core samples the coercivity spectra could not be unmixed due to

poor signal to noiseatios and were thus excluded.

Table3.2 Backfield parameters from Vibrating Sample Magnetometer (Princeton

MicroMag).
Backfield Parameters
Sequence Nonlinear
Initial Field 100 T
Final Field 1T
Number of Points 45
Saturating Field (DCD) 1T
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 distributi@Rigure 3.3, Roberts et al., 200Qnlike hysteresis
properties which provide bulk sample averages, FORC distributions provide a wealth

of information alout the distribution of coercivities and the interaction fields that exist
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at different scale@Carvallo et al 2004; Harrison & Feinberg, 2005ORC 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 sampl€yamazaki, 2020)Figure 6 is a schematic diagn 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 va(teyeBsal

field), and M is measured as a function of increasing fig|duBtil 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 sebafinates Band B

are defined (Figure 3.3B), where:

6 06 0 jg 1)

6 0 0 jg (2)
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Figure3.3: First-order reversal curve method. (A) Definition of FORC distribution.
(B) Matrix of Baand B, values used to measure magnetization during
FORC measurement in black dots aottour of FORC distribution.

FORC distributions were measured using a vibrating sample magnetometer
(Princeton MicroMag) and processed using FORCinel software to obtaim&he fi
contour plot, with Bon the horizontal axes ang Bn the vertical axes (Harrison &
Feinberg, 2008). A total of 110 FORCs were measured for each samplecwith B
between 0 and 150 mT,Between £50 mT, and field increment of approximately
2.87 mT. Tle 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 2® and August 2020, and four core samples (504 1709
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300, 19037-2, and 1909-8), which serve as representative core samples since time

constraint prevented measurement of all samples.

3.2.4 Low temperature Magnetometry

Low temperature magnetic measurersare useful for identifying changes in
mineralogy, concentration, domain state, and gs&@as of magnetic minerals
(Housen et al., 1996 he uniqueness of low temperature magnetic measurements is
the characteristic behavior of different inaninerals, which is useful to distinguish
between different mineral phases (Housen et al., 1996). Additionally, certain iron
minerals exhibit lowtemperature transitions, which are useful for both the
identification of primary and secondary iron minerals isampléOzdemir & Dunlop,
2010) For example, the Verwey transition; ih magnetite at temperatures between
1107 120 K associated with a change in lattice symmetry from a cubic to a
monoclinic crystal (Verwey, 1939). The Morin transitior, ih hematite occurs at a
temperature of 250 KMorin, 1950) TheNéel transition, T in siderite occurs at a
temperature of ~38K (Jacobs, 1963; Housen et al., 1996). The Besnus transition , T
pyrrhotite as it undergoes a transition of magnetocrystalline anisotropy at temperatures
between 30 35 K (Besnus & Meyer, 1964; Volk et al., 201&e all diagnostic
features of these minerals during low temperature magnetic measurements. Other iron
minerals such as goethite and maghemite, which may not possess@tistic
transition temperatures are also identifiable by the behavior of their curves, such as the
steady decrease in magnetization with increasing temperature in g@@gztemir &
Dunlop, 1996)and the smeareaut Ty for maghemitgOzdemir & Dunlop, 2010)

Low temperature magnetic measurements were conducted at the University of

Mi nnesotads Institute for Rock Magneti sm
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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 qmalsbonate 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 zdreld cooled (ZFC) remaence,
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 roetemperature 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 retrieddrom various depths (Table 4.3). Similar to the hysteresis
measurements, FZFC 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 mired.

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 9 ®6ackHab0°€Cycl ed fr or
Temperature dependent magnetic susceptibility measurements were limited to six
samples from 2016 (160¥9; 1604247) and 2017 (171328; 1713183; 1714-360;

1714415) 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 treaents (llvento, 2013). It provides a means to compare if
two or more groups are statistically different from each other and if a group
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 sitein 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 wibod2%n, which
contains only 2 maggtite packets (Appendix Figure Al). These repeated hysteresis
loops were made by alternating the vibrating frequency of e&esurement between
0.2to 1.0.

To examine the existence of a depth relationship within the aquifer, we
performed ANOVA for the car 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 thin 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 O 430 mas|

samples between 425.5 masl to 438sl 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 O 423.5 masl are
total of thirty-three (33) core sampledYZ i 6, LVZi 12, WTFZi 9, LVZi 6) were
used for the ANOVA tests.

The response variable for the ANOVA is the saturation magnetizatign (M
which is sensitive to the concentration of magnetic minerals in each sample. The null
hypothesis for the ANOVA pérmed 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 thefor 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 penfimed using JMP Pro 15 software.

3.4 Microscopy

To examine the surface textui@sd crystal size of representatisamples, we
imaged the surface of the grains using scanning electron microscopy (SEM) and
measured their elemental composition using energy dispersiag 3pectroscopy

(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: 19658.
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The samples were prepared 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 sucallggeparated with a magnet, a small
sample consisting of both magnetic and quartz grains were used for SEM imaging.
Typically, all magnetite packets were succesgfsgparated with a bar magnet.

SEM imaging and EDS analysis were performed at the Clesization
Facility, College of Science and Engineering, the University of Minnesota using a

JOEL JSM6500F Field Emissio Scanning Electron Microscope.

3.5 Geochemistry Data

We examined available geochemistry data from the site to compare prevailing
andprevious 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 (C&nhd Methane (CH.
All the geochemistry data were retrieved from United States Geological

Survey(USGS) National Water Infanation 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 metbbdackson and Solheid
(2010)and plotted to determine magnetic concentration, grain size disbribaid
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 showceedse in Mfor 2019
compared to the starting FM, which has adf122.68 Ant/kg (black dotted line in
Figure 4.1A). The average¥or June 2019 are 8.30 Afkg, 9.04 Ant/kg, and 9.53
Am?/kg for 411, 534, and 925 magnetite packs, respectively (diamapesin
Figure 4.1A). In October 2019, thesMlecreased even further, averaging 3.06/Kkg)
6.17 Ant/kg, and 5.68 Arfikg 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 ongear interment period for 411, 534, and 925 magnetite
packs, respectively. This decrease in the 925 magnetite pack was unexpected since it

was supposedly outsidiee 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) wads® 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, shaandga 4% reduction in M(21.67
Am?kg). Along with this decrease indvthere is an increase in the, Bom about

0.97 mT (FM) to a maximumdf 1.33 mT (411), 1.27 mT (534), 1.25 mT (925), and
1.30 mT (310) for October 2019 (Figure 4.1B). For Aug&®sampling of the
magnetite packs, there is a reversal in both tharid the Bof the samples (square
symbols in Figure 4.1). The )dhowed ~75% increase for 411 magnetite pack (5.34
Am?kg) and ~41% increase for 534 (8.71 #kg) compared to Octobe029. The B

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

and 534magnetite packs, respectively.
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Table4.1: Summary of magetic parameters measured for magnetite packs.

Sample Date Elevation Ms M Bc Ber (MT)
Retrieved (masl) (Am?kg) (Am?kg) (mT)
Magnetite
Packs
Fresh i i 22.681 0.159 1.0 10.4
Magnetite

(FM)

411-1 June, 2019  424.65 9.205 0.074 1.0 12.3
411-3 June, 2019  424.35 7.917 0.055 1.0 118
4115 June, 2019  424.05 7.788 0.055 1.0 12.4
5341 June, 2019  423.48 9.622 0.077 1.0 11.8
5343 June, 2019  423.18 7.185 0.043 0.8 10.2
5345 June, 2019  422.88  10.320 0.093 12 106
9253 June, 2019 424.71 7.119 0.050 1.0 13.7
9255 June, 2019 42441  11.951 0.072 0.8 112
3101  October, 201¢ 423.22  26.940 0.242 1.2 11.1
3103  October, 201 422,91  19.749 0.178 1.2 109
3105  October, 201€ 422.61  18.320 0.183 1.3 116
411-1  October, 201€ 424.65 3.971 0.040 1.3 11.2
411-3  October, 201€ 424.35 2.699 0.022 1.2 135
4115  October, 201€ 424.05 2.511 0.023 13 10.8
5341  October, 201 423.48 9.612 0.067 1.0 11.9
5343  October, 201¢ 423.18 2.359 0.019 1.0 11.9
5345  October, 201 422.88 6.525 0.059 15 115
9253  October, 201¢ 424.71 6.375 0.057 13 147
9255  October, 201€  424.41 4,993 0.045 13 133
4111 August, 2020 424.65 3.869 0.020 0.6 114
411-3 August, 2020 424.35 6.052 0.026 0.6 126
4115 August, 2020 424.05 6.105 0.027 0.5 122
5341 August, 2020 423.48  12.027 0.059 0.6 117
5343 August, 2020 423.18 4.966 0.022 03 111
5345 August, 2020 422.88 9.135 0.062 09 154

For the ferrihydrite packs, the hysteresis loops displayed responses typical of
paramagnetic or diamagneti@aterials without any hysteresis, this made

measurements of hysteresis properties such asdBB: untenable, and repeated
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hysteresis measurements with similayavid M produced vastly contrasting Bnd
Ber values. Thus, only the dnd M are reportednh 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.

Table4.2: Summary of magnetic parameters measured for ferrihydrite packs.

Sample Date Elevation Ms M (Am?/kg) Be Ber
Retrieved (masl)  (Am?kg) (mT) (mT)

Ferrihydrite

Packs

Fresh T T 0.00029i 0.00060 T |
Ferrihydrite 0.0010

(FFh)

411-2 June, 2019 42450 0.00071 0.00005

411-4 June, 2019  424.20  0.00068 0.00009

411-6 June, 2019  423.90 0.00023 0.00005

5342 June, 2019  423.33  0.00061 0.00006

5344 June, 2019  423.03  0.00045 0.00033

5346 June, 2019  422.73  0.00022 0.00042

9251 June, 2019  425.01  0.00026 0.00006

9252 June, 2019  424.86  0.00049 0.00005

9254 June, 2019 42456  0.00040 0.00005

9256 June, 2019  424.26  0.00034 0.00004

3104 October, 2019 422.76  0.00077 0.00003
3106 October, 2019 422.46  0.00091 0.00009
411-2 October2019 42450 0.00486 0.00023
411-4 October, 2019 424.20  0.00187 0.00019
411-6 October, 2019 423.90 0.00063 0.00007
5342 October, 2019 423.33  0.00032 0.00000
5344 October, 2019 423.03  0.00100 0.00043
5346 October, 2018 422.73  0.00055 0.00029
9251 October, 2019 425.01  0.00062 0.00021
9252 October, 2018 42486  0.00005 0.00036

|
|
|
|
|
|
|
|
|
|
3102 October, 2019 423.06  0.00027 0.00019 |
:
|
|
|
|
|
|
|
|
|
9254 October, 2019 424.56  0.00149 0.00034 |
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9256 October, 2019 424.26  0.00095 0.00004 |

411-2 August, 2020 424.50  0.00215 0.00010 I

411-4 August, 2020 424.20  0.15880 0.00170 1.6
411-6 August, 2020 423.90 0.00144 0.00011
534-2 August, 2020 423.33  0.00180 0.00017
5344 August, 2020 423.03  0.00278 0.00033
5346 August, 2020 422.73  0.00609 0.00052

The M of the starting fresh ferrihydrite (FFh) measured in January 2020 and
October 2020 was 0.0003 Afkg and 0.0010 Arfikg respectively (dotted black lines
in Figure 4.2A). This is likely caused by the instability of ferrihydrite eoversion
to goethite. There is a gradual increase ywith 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 Nor the 534 ferrihydrite pz increased from a
maximum 0f0.0010 Ant/kg in October 2019 to 0.0061 Afkg in August 2020.
While the M of the 411 ferrihydrite packs increased from a maximum of 0.0049
Am?/kg in October 2019 to 0.1588 Afkg in August 2020, this represents an
astounding 3100% increasenragnetization (Figure 4.2B), and indicate the formation
of a new, more magnetic fhase.

For the core samples,dvlanged between 0.01 to 1.39 Alky with an average
of 0.21 Ant/kg and B ranged between 2.21 to 5.93 mT. The averagand B for
2016 samples are 0.38 Afing and 2.93 mT, respectively. For the 2017 core samples,
the average Ms 0.32 Ant/kg and the average:B 3.31 mT. In 2019, the average M
and B are 0.13 Arkg and B 3.31 mT, respectively. This indicates a decreasesin M
and an increase incBvith time, which is shown in a plot of dind B versus depth for
2016, 2017, and 2019 core samples occurring within the free pl#se oil pool
(Figure 4.3).
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Table4.3: Summary of magnetic parameters measured for core samples.

Sample Date Elevation Ms Mt Bc(MT)  Ber (MT)
Retrieved (masl) (Am?/kg)  (Am2/kg)

Core Samples

160419 2016 431.52 0.107 0.003 3.8 44.7
160488 2016 429.76 0.654 0.010 2.2 29.3
1604157 2016 428.01 0.301 0.008 3.6 34.6
1604221 2016 426.39 0.289 0.005 2.6 28.1
1604247 2016 425.73 0.634 0.011 2.6 28.5
1604346 2016 423.21 0.314 0.006 2.7 26.0
171330 2017 430.24 0.239 0.005 2.8 31.6
171396 2017 428.56 0.226 0.005 3.2 39.0
1713128 2017 427.75 0.231 0.006 3.8 29.1
1713183 2017 426.35 0.116 0.002 3.0 27.5
1713230 2017 425.16 0.184 0.005 3.6 35.1
1713260 2017 424.4 0.105 0.003 3.6 27.7
1714360 2017 424.86 0.154 0.004 3.8 35.0
1714400 2017 423.84 0.079 0.002 3.6 33.9
1714405 2017 423.71 0.124 0.003 3.3 33.3
1714415 2017 423.46 0.256 0.006 3.4 30.6
170950 2017 430.73 0.145 0.005 4.8 33.2
170976 2017 430.07 0.772 0.015 3.3 30.0
1709159 2017 427.96 0.482 0.010 2.7 27.0
1709255 2017 425.52 1.388 0.026 2.7 26.1
1709300 2017 424.38 0.333 0.008 3.2 27.7
1709337 2017 423.44 0.342 0.005 2.2 25.2
1902152 2019 424.47 0.188 0.005 3.4 27.8
19021512 2019 423.74 0.202 0.007 5.0 30.3
19021518 2019 423.29 0.141 0.005 5.3 43.7
19031-2 2019 431.91 0.143 0.005 4.9 35.8
19031-12 2019 431.48 0.100 0.003 4.2 36.3
19031-20 2019 431.13 0.163 0.005 5.0 45.9
19031-24 2019 430.96 0.058 0.002 4.7 42.4
19032-2 2019 430.69 0.120 0.004 4.8 41.0
19032-12 2019 430.26 0.047 0.002 4.6 40.2
19032-24 2019 429.74 0.122 0.004 5.2 42.6
19034-2 2019 428.27 0.173 0.005 4.4 38.6
19034-12 2019 427.94 0.189 0.005 3.8 34.7
19034-24 2019 427.53 0.172 0.005 4.1 40.4
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19034-35
19035-12
19035-24
19035-32
19037-2
19037-12
19037-26
19038-3
19038-12
19038-17
19038-26
19056-2
19056-9
19056-12
19057-3
19057-12
19059-8
19059-13
19059-19
19059-2
19059-10
19059-24
19059-33

2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019

427.16
426.68
426.24
425.94
424.94
424.69
424.33
421.98
421.65
421.47
421.14
427.28
427.08
426.99
426.64
426.35
425.41
425.16
424.85
423.84
423.48
422.77
422.31

0.063
0.068
0.068
0.233
0.115
0.151
0.216
0.055
0.212
0.078
0.131
0.174
0.543
0.193
0.064
0.018
0.175
0.027
0.072
0.036
0.009
0.018
0.120

0.003
0.002
0.002
0.005
0.003
0.004
0.005
0.001
0.004
0.002
0.004
0.004
0.009
0.005
0.002
0.001
0.006
0.001
0.001
0.001
0.000
0.000
0.003

5.9
4.5
3.7
3.3
4.2
3.8
3.3
2.3
2.9
3.5
4.5
3.1
2.6
3.8
4.8
5.7
4.3
3.6
2.7
4.7
4.5
3.3
3.4

46.5
40.1
28.4
30.7
33.0
31.3
28.6
26.5
28.3
28.3
28.1
26.4
26.8
29.5
28.6
32.0
27.2
31.9
25.2
28.4
28.4
32.9
28.3
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Figure4.3: Plot of (A) saturation magnetization,sind (B) bulk coercivity, Bwith
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 (M/Ms) versus Bulk Coercivity (B)

The plot of squareness (Mls) versus Bis used to determine a relationship
between the grain size distribution of the samples. Core samples and magnetite packs
show a linear relationship between squarenesdMland B, but the magnetite packs
are closer to the slope for magnetite samplé&afig & Van der Voo (2004Figure

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 corelsarhpve the smallest average grain

size when compared with the 2016 and 2017 core samples.

A closeup on the magnetite packs show that the October 2019 samples have

higher coercivities and ¥Msratios 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 ¢eni B, there

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

coercivities and MMs ratios compared to the FM and October 2019 samples, this may

be indcative of a higher grain size.
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Figure4.4 Squareness (Mr/Ms) versus Bc for (A) magnetite packs and core samples,
(B) magnetite peks only. Symbols as in Figures 4412, and 4.3The
lines for TM60 and pure stoichiometric magnetite (Fe304) are
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4.1.1.3 Day Plot

The Day plot (ratios of MMsversus B/Bc) which is often used to
differentiate the bulk average magnetic domain state shows thatgidles fall within
the multidomain (MD) regioliFigure 4.5, Day et al., 1976} his indicates that the
samples have rather large sample sizes of similar range as medium silt or sad grai
sediment§ > 20 e m, HRiffefemt geindlines @l ke 4itled for the core
samples ath magnetite packs, which could be indicative of different grain size
distributions, cation substitution, partial oxidation, and provenance (Dunlop &
Ozdemir, 1997). While the October 2019 magnetite packs shows a progression
towards a higher squareness &wler B./B. characteristic of SD magnetic domain
and decreasing grain size, the magnetite packs retrieved in August 2020 shows a
retrogression to the lower squareness and high#.Bwhich could be indative of

larger sample s
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4.1.2 Backfield Curves

Unmixing of the backeld 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 remanenceasarements. 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 (Bbf)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.

A 534 Magnetite Pack (June-19) 'é__ B 1905-6-12
. o /«\
8- g f )
S g
- / \ §_
8 &7 Bh=9.90 mT 8 3
o } o o
L 3 S 2
22 > S g
= 3 DP=4.21 mT =Y
n \ §.—
g - \ =
IS : S 4
8 | e =
g I I I I I 8
1 0 1 2 3 -
log B (mT) log B (mT)

Figure4.6: Unmixing of backfield curves showing dispersion parameter (DP) and
mean cercivity (Bh) for (A) June 2019; 534 magnetite pack and (B)
19056-12 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 8Bh = 10 mT and DP =4 mT, which is broadly similar to the detrital
magnetite componentkEgl (204 Eh¢ sepondicusteris i bed by
defined by higher Bh values (> 25 mT) and a lo@® (~3 mT) and is broadly

consistent to the bacterial magnetite comg

44



(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 $ 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 de@egish 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%f6genic magnetite, the 1905 sample retrieved 18 m
from the center of the oil body has i7G5% 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 6fi575% (Figure 4.7B). While the sample
retrieved farthest away from the center of the oil body, 1714 core samples have ~57
70% biogenic magnetite fraction (Figure 4.7B). Thus, the concentration of fine
grained magnetite appears to be elevated at titercef the oil body and decreases

with distance from it.
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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 isoncentrated along the low coercivities (<10 mT) and a broad
dispersion along thexis (Figures 4.8 4.12). These characteristics are typical of
samples dominated by multidomain (MD) grains, which shows the spread of contours
along the B axes in a symmetrical fashion at lower coercivitieg (Barvallo 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) andIpt 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 themarginal coercivity at B= 0 observed in the FORC distribution is ~0.058
Am?/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 themarginal coercivities, about 0.008 Aff? and 0.004 ArA’T?, 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 (greehne 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 pke of the plume (Figure 4.12). These observations are

consistent with the Mmeasurements shown in Figur@A.
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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 zaes (Figures 4.184.16), 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 interprete
along the B = 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 isonsistent with the coercivity spectra from the backfield

curves (Figure 4.7).
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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 () at about 120 130 Kcharacteristic of magnetite
(Fes0a4) (Figure 4.17). The normalized FXFC, 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 Mdté 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 samues&HC

remanence to be higher than the FC curve, indicative of-ghuitiain (MD) grains,
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and bse all remanence after passthgough the ¥ at 125 K. However, the 534
magnetite pack within the oil body retain about 4% of the remanence, which may be
negligble, 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, respewely (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 decatyl time Ty and after the \F
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, magnetitespaitkin the free
phase of the plume (534 and 411) display deviations from the FM, the most striking is
a reduction in the jump atvT{Figures 4.17D and F). For the warming curves, the
magnetization is constant prior to the, &nd at T 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 \wetnee
phase of the plume displayed greater deviation from FM sample and there is a gradual
smearing of the T most notable in the 534 magnetite pack (Figure 4.17F). The 534

magnetite pack showed the highest recovered remanence during thermal cyalhg for
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magnetite packs measured, about 30% (Figure 4.17F). Similar to tdEECurve,
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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4.1.4.2 Ferrinydrite Packs

Low temperature magnetometry measurements were measured on the 310 and
411 ferrihydrite pack 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, Ozdemir & Dunlop, 1996).
The normalized F&ZFC andRTSIRM 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 normalizetdFEGnd
RTSIRM curves for 411 ferrihydrite pack retvied 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 FF- 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 @: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 abowith a T, 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,andicative of tracerecipitates 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 warmmgscat 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 dt 120 K.
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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 4.24). The core samples
show ZFC curve higher than the FC curve (2016 and 2017 core samples, Figures
4.19C, 4.20A and C}lightly 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-EEC curve shows a higher retention in
remanence compared to the magnetite padist 6% to 20%.

The cooling and warming curves show a complete smearing of,thedr
higher recovered remanence during thermal cycling, which ranged between 50% to
60%. The recovered remanence during thermal cycling were generally higher for the
2019 coe samples (Figure 4.21), compared to the 2016 and 2017 core samples
(Figures 4.19 and 4.20).
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shown in Table 4.3.
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Figure4.20: Field cooled (FC) and Zero field cooled (ZFC) curves for 2017 core
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Depths the samples were retrieved are shown in Table 4.3.
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Figure4.21: Field cooled (FC) and Zero field cooled (ZFC) curves for 2019 core
samples: (A) 19045, (C) 19037-2, (E) 19059-8, and (G) 190®-10.
RTSIRM for 2019 core samples: (B90215, (D) 19037-2, (F) 19059-
8, and (H) 190%-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 magnetitke phase dominated, shown by a Curie temperature of
about580 6 0 0 e C 1016 and 201 &cor@ 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 500¢eC. These change
magnetic minerals (e.g., the inviers of maghemite) and the formation of new
magnetic minerals during heating (e.g., formation of magnetite during dehydration of
Febearing claysjFigures 4.22A E, Ozdemir & Banerjee, 1984however, this
observation is significantly diminished or absent in the samples retrieved from the

dissolved phase ofi¢ plume (Figures 4.22E and F).
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4.2 Statistical Analysesi Analysis of Variance (ANOVA)

4.2.1 Spatial Variability using Magnetite Packs

The box plot of Mfor the magnetite packs is shown in Figure 4.23. For the
FM, the number of samples (N) is 30, the mearnis\22.68Am?/kg, the standard
deviation is 0.49 Arfikg, and the wdance is low, about 0.25, this indicates there is
little variability in theMs measured at different vibrating frequencies.

For the 310 magnetite packé,s 60 (30 measurement from the central depth
and 30 from the bottom depth). The meagidv0.21Am?kg, the standard deviation
is 0.80 Ant/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 minimumMs is 18.32 Anf/kg, the maximum is 21.28m?%kg, and the median
Ms is 20.12 Ardkg.

For the 411 magnetite packé,is 60 with a mean Mbf 2.74Am?/kg, a
standard deviation is 0.08 Afkg, the minimunMsis 2.51 Ant/kg, the maximum is
2.88 Ant/kg, and the variance is 0.006, this very low vdbrethe variance is
indicative of very little variability within the measurements and samples.

For the 534 magnetite packé,is 60, the mean Ms 4.74Am?/kg, the
standard deviation is 2.21 Afkg, and the variance is 4.87, the 534 magnetite packs
havethe highest variance for all the measurements, with a miniMsiof 1.76
Am?kg and a maximum of 6.99 Aftkg.

For the 925 magnetite packBe mean Mis 6.00Am?/kg, the standard
deviation is 0.70 Arfikg, and the variance is 0.48. The minimum, maximumd, a

medianMs are 4.99 Arikg, 6.89 Ant/kg, and 5.47 Arfikg, respectively.
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Tables 4.4 and 4.5 contains the JMP output of the formal ANOVA test. The
ANOVA test indicates that théifferences between theMf the different magnetite
packs are statistically significant (P < 0.0001), with a very higgare value of 0.98
and low rootmean square error (RMSE)L47 (Table 4.4). To explore the statistical
significance and the spalti@lationship between the means of the different magnetite
packs, we used the Tuké§yramer 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 theeams 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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Table4.4: Output of the ANOVA for magnetite packs.

Descriptive Statistics

R-square 0.979
Mean of response 10.007
Root Mean Square Error 1.168
Observations 270

Analysis of Variance (ANOVA)

Degrees Sum of Mean Square F Ratio Prop > F
of squares
Freedom
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 Upper 95%
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

Table4.5: Comparison of magnetite packs using Tukey a mer HSDG6&és conne
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
betweersamples retrieved from the different depths. Figure 4.24 shows the box plots
for the M 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 ofdes (N) is 6, the mean
Msis 0.11Am?Kkg, the standard deviation is 0.05 Akg, and the variance is low,
about 0.002. The minimusis 0.047 Ani/kg, the maximum is 0.163 Aitkg, and
the median is 0.11 Affkg.

For the lower vadose zone (LVA),is 12, he mean Mis 0.13Am?kg, the
standard deviation is 0.07 Afkg, and the variance is 0.005. The minimhtxis
0.018 Ant/kg, the maximum is 0.23 Afikg, and the median Ms is 0.15 Afky.

For the water table fluctuation zone (WTER)is 9, the WTFZ has thleast
mean, 0.0Am?kg. The standard deviation is 0.08 Aky, the minimunMVsis 0.01
Am?/kg, the maximum is 0.22 Aftkg, and the variance is 0.006.

For the saturated zone (SK) is 6,the mean Mis 0.10Am?kg, the standard
deviation is 0.07 Arfikg, and the variance is 0.005. The minimum, maximum, and

medianMs are 0.02 Ard’kg, 0.21 Ant/kg, and 0.10 Arfikg, respectively.

70



0.25

——
0.2
J [ [
0.15- 1 .
[ ]
MS ° ] - Y
0.1 L -
o [ ]

0054 & ’

|
uvz vz WTFZ SZ
Depth

Figure4.24: Box plot of saturation magnetization {Mor core samples by depth.
UVZ i upper vadose zone, LVAower vadose zon&VTFZ- water table
fluctuation zone, SZ 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 aretrstatistical 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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Table4.6: Output of the ANOVA for the core samples.

Descriptive Statistics

R-square 0.055
Mean of response 0.109
Root Mean Square Error  0.068
Observations 33

Analysis of Variance (ANOVA)

Degrees of Sum of Mean F Ratio Prop > F
Freedom squares Square
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 Lower 95% Upper 95%
Error
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, wile 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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cubicshaped (~180 um 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 consgthble 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)watomic % in the ratio 55:45 (Figure

4.25E), which is in the range characteristic of magnetitgQ#fevith a 5% error.

The 310 magnetite pack shows no observable surface alteration in the SEM
micrograph (Figures 4.26AD), which was similar to the FM:he 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 40i§urér4.26E),
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 ihe apparent roughness of the grain surfaces (Figures 4.27A
i 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 di¢ atomic % of Fe to O is 39:60 (Figure 4.27E),
this is consistent with an iron mineral of the formuladie

The SEM micrograph for 534 magnetite pack retrieved in October 2019
showed more pronounced roughness, discoloration, and significant crackimg on t

surface of the grains (Figures 4.28M). The measurable cracking on the surface
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varies between 1 um to 2.35 um. 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; 53rhagnetite packs shows increased roughness,
discoloration, and cracking on the surface of the grains compared to the corresponding
magnetite pack retrieved in October 2019 (Figures 412BA However, some of the
cracks appears as filled surfaces rathantfrooves (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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Figure4.25: Scanning electron microscope (SEM) micrographs and eftisggrsive
X-ray spectroscopy (EDS) analysismagnetic 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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Figure4.26: Scanning electron microscope (SEM) micrographs and eftisggrsive
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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Figure4.27: Scanning electron microscopg@EM) micrographs and energlspersive
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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Figure4.28: Scanning electron microscope (SEM) micrographs and energy
dispersive Xray 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 micrograp
of mineral surface, (E) EDS analysis of the surface layer of inset image.
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Figure4.29: Scanning electron microscope (SEM) micrographs and eftisggrsive
X-ray spectroscopy (EDS) analysis of magnetic mineral separated from
534 magnetite pack (August 20204, 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 malgrecipitates on the
surface of the grains in the SEM micrograph (Figures 4130 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 temperaturectoaggtry
(Figures 4.18A 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
analsis. The sample also contains minor elements such as Aluminum (Al), Sodium
(Na), and Chlorine (CI).

The surface mineralization observed on the ferrihydrite packs are also present
on the August 2020; 411 ferrihydrite packs likely associated with iron akielation
(Figures 4.31A 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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Figure4.30: Scanning electron microscope (SEM) micrographs and eftisggrsive
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 surfacéewn in C, (E) EDS analysis of the
surface layer of inset image.
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Figure4.31: Scanning electron microscope (SEM) micrographs and eftksggrsive
X-ray spectroscopy (EDS) analysis of sample from the 411 ferrihydrite
pack retrieved in August 2020: (A, B, C) SEMcrograph 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
significantcracking on the surface of the grains consistent with observations on the
magnetite packs. However, these surface cracks are more extensive and ajgeEar as
grooveshat appear to extend to the interior of the mineral, with minor infillings
(Figures 4.2A 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 elementasuthand Si

(Figure 4.32C).
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Figure4.32: Scanning electron microscope (SEM) micrographs and eftksggrsive
X-ray spectroscopy (EDS) analysis of magnetic mineral separated from
the 2019 core sample; 190988: (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 conobur plot for the aqueous geochemistry and gas data from the Bemidii
site are shown in Figures 4.B31.35 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 zordote 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 (Il)

The dissolved Fe (1) concentration is highest at the center of the oil body
(Figure 4.33). This is awsistent with the geochemical zones shown in Figure 2.2. The
highest concentration of dissolved Fe (II) was in 20@912 a peak value of 25 mg/L
(Figure 4.33A). This decreased to a maximum concentration of 10 mg/L % 201

2019 (Figures 4.33B and C).

2009-201 2l ;i =
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Figure4.33: Contour plot of dissolved Fe (II) of the groundwater: (A) 20912,
(B) 20151 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 (CHs) Gas

CHa gas data shows a methanogenic zone at the centeraf biogly (Figure

4.34). CH concentration has remained fairly constant for all years. However, the data

indicates that Ckproduction was slightly higher in 20112012 (Figure 4.34A) and

progressively lesser imfer years (Figures 4.34BD).
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Figure4.34: Contour plot of methane (Chigas data from vadose zone: (A) 2011

2012, (B) 2013 2014, (C) 2016 2017, and (D) 20182019. The
location of mineral columns 411 and 534 are shown at the top.
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4.4.3 Carbon dioxide (CQz) Gas

The CQ gas data shows G@roductionfrom the center of the oil body

(Figure 4.35). The C&xoncentration were lowest in 2002012 with a maximum

value of 12% by volume (Figure 4.35A) and increased in later years to a maximum of

~16% by volume (Figures 4.35BD).
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Figure4.35: Contour plot of ©; gas data from vadose zone: (A) 20312012, (B)

201371 2014, (C) 2016 2017, and (D) 20182019. 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 severddéaing minerals to be associated with
hydrocarborcontaminated sediments, including magnetite (Rijal et al., 2012, Ameen
et al., 2014), maghemite, hematifiEenmerton eal., 2013) ferrihydrite, siderite, and
ferroan calcit€Baedecker et al., 1993; Tuccillo et al., 1999)

At the Bemidji sie, low temperature magnetometry measurements within and
outside the plume indicate that the dominant magnetic mineral is a
magnetite/magnetitike phase identified by a promineng ih all the core samples
measured (Figures 4.194.21). This observatios 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; & A/ is also present at the site. Maghemite is a partially
oxidized or catiordeficient magnetiteunlop & Ozdemir, 1997). Maghemite may be
created via a variety of different pathways, including the dehydroxylation of
lepidocrocite, but the most common methiodthe formation of maghemite is the
topotactic oxidation of magnetite (Cormell & Schwertmann, 2003). Magnetic evidence
for maghemite include 1) decreasingWth increasing oxidation of magnetite
(Figures 4.1A and 4.3A, Dunlop & Ozdemir, 1997), 2) ligboercivities for
maghemite (Figures 4.1B, 4.3B, and 4.4, Ozdemir et al., 1993), 3) increasing

remanence retention during RTSIRM experiments (Figures 4.17] 4.24), and 4)
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the suppression of Tv in the RTSIRM curves (Figures 4.17,i44121). Thisis

caused by the deviations from stoichiometric magnetite, which have pronounced effect
on the Tv (Ozdemir et al., 1993). These observations were conspicuous in the core
samples and less pronounced in the magnetite packs. SEM micrograph and EDS
analyses mvides 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).
Furthermoe, 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
theMorin transition at ~250K (Figure 4.20D, Morin, 1950) and goethite, identified by
the monotonic decrease in magnetization with increasing temperature (Figures 4.18A
i D, Ozdemir & Dunlop, 1997). The presence of hematite is noted in only the 2017
sample reieved 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 ferritydrite 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 conveiisn of ferrihydrite to goethite. Ferrihydrite is a metastable mineral and
the transformation of ferrihydrite to goethite is one of the most frequently observed

transformation pathway@\eppli 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
occuring at this site.

The reduction of microbially produced magnetite to siderite (R2G&s 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 temperatdres a
therefore expected to have low @unlop & Ozdemir, 1997) and relatively low
magnetic susceptibility between 1310 10* Sl (Dearing, 1994). This hypothesis
is appealing because it agrees with existing microbial and geochemical observations at
thesite. Some of this evidence include the existence of specific bacteria, such as
Geobacterknown 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
condtions 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 transitiox) (@ a temperature of ~38K (Jacobs,
1963; Housen et al., 1996). However, there is no evidence\fior all measured
magnetite packs anaie samples. Vivianite (B 04]2.8H20) 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 phosphatetime 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 agnatic transition temperature of ~32K (Volk et al.,

2018) which was absent in low temperature magnetometry measurements, and
pseudohexagonal pyrrhotite displays the
200 and 250°C which was absent in htgimperatire susceptibility measurements on

core samples, suggesting no evidence of magnetic iron sulfides (Figure 4.22). Hence,
although reduction may be one of the processes occuatihg 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 Bemid;i 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 BeobacteisulfurreducengByrne et al., 2016;

Kostka & Nealson, 1995)r the transformation of magnetite to hematite via

dissolution and reprecipitatiqihagoeiro, 1998)s also possible and would account for

the precipitous decrease insiith time observed for magnetite packs within the

plume and hematite observed in the 2017 core sample. It is possible that dissolution of
nanacsized micobially 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 isindoubtedly 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 surfacel is the most common oxide mineral
alteration. (Dunlop & Ozdemir, 1997; Ozdemir et al., 1993). The mechanism for
maghemitization is the diffusion of Feéfrom the interior of a magnetite sample to a
free surface converting the magnetite to a maghemitalop & Ozdemir, 1997).
Maghemite formed through this process results in a decrease in density from the
starting magnetite due to the loss of'H€ormell & Schwertmann, 2003):
TOQ U A @OQ p
Magnetic and EDS analysis of the magngisieks 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,
4.197 4.21; Ozdemir & Dunlop, 2010). Additionally, tia@pearance of shrinkage
cracks on the surface similar to the observations of Dunlop & Ozdemir (1997) is
conclusive evidence supporting maghemitization of magnetite crystals at the site
(Figures 4.27, 4.28, and 4.32). Although, maghemitization is an grteess
occurring at this site up to 2019, it cannot account for the ~90% dropriechbtrded in
magnetite packs within the free phase of the plume. Tih&f Maghemite is generally
~20% less than that of magnetite (Dunlop & Ozdemir, 1997), and so eslenfithe
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 outsttie of
plume, as maghemitization could account for the much lower ~10% loss observed in
Msin the magnetite packs.

However, the caccurrence of both maghemitization and magnetite
dissolution at Bemidji is confounding. Maghemitization is typically thouglaiscd
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 exfanation 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 microbiatiyiced anaerobic

oxidation of magnéte.

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 weterpret 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
situ within the sediment after deposition.& 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). Atitahally, the plots of the FORC
distribution for the core samples shows a higher coercivity tail moving out along the

Bu = 0 axis (Figures 4.184.16), which is interpreted as the single domain (SD)
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magnetic grains within the core samples likely of bioegenigin. This is markedly
dissimilar from the FORC distribution of the magnetite packs, which shows a MD
dominated grains with low coercivity symmetric about the=B axis (Figures 4.8

4.12). Despite this evidence for the occurrence of magnetitegéic 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 sapthe plausibility of
microbiatinduced 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 dest #iat a spatial
relationship exists for the samples in relation to the center of the plume. The enhanced
decrease in Mor magnetite packs in the free phase (or pit) compared to 925
magnetite pack in the dissolved phase of the plume and 310 magaekteytside
the plume may be indicative of enhanced microbial oxidation at the center of the
plume(Bekins et al., 20059ombined with dissolution. Similarly, although the core
samples showed no depth relationshithimn ANOVA test, the Mof 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 magaeéAtekwana 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 M8mperature curves (Figure 4.22). The samples

within the free phase (1604, and 1713) showdadively higher Curie temperature

and | arger observed increase in susceptibi
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4.22A71 D) compared to samples within the dissolved phase of the plume (Figures
4.22E and F). This increase in the susceptibilityleted to the inversion of

maghemite or titanomaghemite to a stable phase Fe mineral at temperatures above
250eC and is dependent on t h(@®zdergr ee of
Banerjee, 1984; Ozdemir, 198Mhus, 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 bealinative 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
oxidizerRhodopseudomonaspable of oxidizing magneti{eaver et al., 2021).
Rhodopseudomondss 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 knownidizer
within the WTFZ. Instead, the zone is dominated by methanogens and their syntropic
partners and theRhodopseudomonas the Bemidiji site was found above the WTFZ
(Beaver et al., 2021), but its occurrence at the site points to a possible pathway for
microbial oxidationAlternatively, 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
(Beaveret al., 2021; Sivan et al., 201@&)dditionally, iron oxides such asagnetite
and maghemite has also been shown to enhance direct interspecies electron transfer
(DIET) particularly in syntrophienethanogenic associations (Xu et al., 2019). The co
occurrerce 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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magnetiteat this site Current studies on DIET has focused on thpact of different

iron oxides on the syraphic methanogenic communities and not on the eftecthe

iron oxides (Li et al., 2015; Xu et al., 2018)owever, it is not unfounded to

hypothesize a net oxidation effect on the iron oxides, which acts as an electrical bridge
mediating electron trafer 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 measuredsMf the fresh 5% magnetite, 95% quartz sediment pack (22.68
Am?/kg) is significantly higher than the pected theoretical value of ~4.6 Afikg for
a sediment containing 5% magnetite (Dunlop & Ozdemir, 1997). The Higher
expected Mvalue suggests that either the magnetite was concentrated beyond 5% in
the fresh magnetite sample, or that the magnetikspased for this study contained
traces of minerals with higherdwalues (such as might occur if the magnetite was
produced from the oxidation of metallic iron). This ambiguity limits our ability to use
decreasing Mvalues to estimate the relative calditions 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 respdedir the rapid decline in

Ms.

5.4 Controls on the Fluctuations in Magnetization

The temporal fluctuation in magnetic susceptibility recorded in 22015
(Figure 1.1, Lund et al., 2017) and variation in saturation magnetization recorded in
both the magnée 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 tranformation 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. (201&portedthat variations in the hydrologic
conditions can trigger changes between reduction and oxidation phases in magnetit
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 (ll) levels were
higher than subsequent years (Figure 4.33). This observation of the occurreigbe of h
dissolved Fe (ll) is consistent with Hansel et al. (2005), which showed the formation
of magnetite is possible only at high concentrations of dissolved Fe (ll). It is unclear
how high water levels catalyze a change in the geochemical conditionsaétHde
trifecta of high water level, dissolved Fe (1l), and magnetization suggest the possibility
of reduction reactions in 2011 that resulted in@éased magnetization.

Additionally, gas data from the site shows lower-G&vels around 2011,
which exended in later years (Figure 4.35) and conversely highep@iduction 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)
consistenhwith the presence dflethanoregulaAlso, the presence of the
methanotropMethylocystisuggests a relationship betweens@GiHd CQ levels,
whereMethanoregulgroduces Chwhich in turn is oxidized bivethylocystisnto
COz (Beaver et al., 2021). Since the microbiological data does not show temporal

variation in the microbial population, this suggest that methane production atthe sit

97



has been constant. Thus, tbever levels of CQand higher Chllevels noted in 2011
and heir later increased and diminished levels respectively may be indicative of
prevailing oxidizing conditions after 2011, leading to increased@aduction and
decreased CHevel. However, the primary reaction around 2011 was reducing
resulting in less Oz production and increased Glevels.

This hypothesis of fluctuating water levels acting as a control for the
fluctuations in magnetization is chiefly based on the geochemistry measurements in
20117 2019. A suitable check for the validity of this hypesfs 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\eead tlee complex
nature of the hydrological and biogeochemical processes involved and the paired

oxidative and reductive reactions.
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Chapter 6

CONCLUSION

The investigation of the mineralogy and processes ongoing at the Bemidiji site
using magnetic data helps to identify thaeral transformations and associative
magnetic minerals that account for the loss of magnetization previously recorded and
observed in magnetite packs and cammgles retrieved from the site.

The primary magnetic minerals observed at the site are nitegged
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 th
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
magnetizatiorand 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 microbialymedided 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 havmeen identified at the Bemidii site, they
have not yet been identified within the WTFZ and will remain a tantaliziagsf for

future microbiologicaktudies at the site.
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This study contrasts previous studies that have suggested reduction of
magnetite tsiderite 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. Micrabially
mediated anaerobic oxatdon 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 feriwNile N> gas
data from the site is inconclusive, they show elevated quantities of &t 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 theniidji 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 maajfnei,
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 areedéed/alidag this

hypothesis.
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