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High-resolution magnetic susceptibility
measurements for investigating
magnetic mineral formation
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and Lee D. Slater6

1Oklahoma State University, Stillwater, Oklahoma, USA, 2Geology Department, Faculty of Science, Assuit University, Assiut,
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Mines, Golden, Colorado, USA, 5ISTerre, CNRS, UMR CNRS 5275, Université de Savoie, Le Bourget du Lac, France,
6Department of Earth and Environmental Sciences, Rutgers-Newark, Newark, New Jersey, USA

Abstract Disimilatory iron-reducing bacteria play an important role in the reduction of Fe(hydr)oxides
and the production of secondary solid-iron mineral phases that can have magnetic properties. Magnetic
susceptibility can therefore play an important role in identifying zones wheremicrobial-mediated iron reduction
is occurring. We investigated the magnetic susceptibility variations in a hydrocarbon-contaminated aquifer
where methanogenesis and iron reduction are the main biogeochemical processes. Our objectives are to
(1) determine the variability of magnetic susceptibility, (2) determine the hydrobiogeochemical controls on
the magnetic susceptibility variability, and (3) evaluate the use of magnetic susceptibility as a viable technique
for identifying zones where the coupling of iron and organic carbon cycling is occurring. Magnetic susceptibility
data were acquired down 11 boreholes within contaminated and uncontaminated locations. We show that
magnetic susceptibility values for boreholes within the free phase plume are higher than values for boreholes
within the dissolved phase plume and background. Magnetic susceptibility values are highest within the zone
of water table fluctuation with peaks predominantly occurring at the highest water table marks and are also
coincident with high concentrations of dissolved Fe(II) and organic carbon content, suggesting that the zone of
water table fluctuation is most biologically active. High magnetic susceptibility values within the vadose zone
above the free phase plume are coincident with a zone of methane depletion suggesting aerobic or anaerobic
oxidation ofmethane coupled to iron reduction. Our results suggest that magnetic susceptibility can be used as
a viable tool in iron and carbon cycling studies.

1. Introduction

Iron is the fourth most abundant element on Earth and one of the most dominant redox active metals in the
Earth’s crust. Microorganisms reduce Fe(III) as ferrihydrite with either organic acids or H2 as electron donor
[Lovley, 1993; Tuccillo et al., 1999]. Hydrocarbon-contaminated environments therefore provide excellent natural
laboratories for investigating iron mineral biotransformations and the relationship between coupled carbon
and iron biogeochemistry. Many studies have documented that iron-reducing bacteria can use hydrocarbon as
a carbon source to reduce Fe(III) to Fe(II) [Anderson and Lovley, 2000; Lovley et al., 1989] to form siderite
[Fredrickson et al., 1998; Mortimer and Coleman, 1997], magnetite [Lovley, 1990; Lovley et al., 1987; Mortimer and
Coleman, 1997; Prommer et al., 1999; Rijal et al., 2010], vivianite [Fredrickson et al., 1998], ferroan calcite
[Baedecker et al., 1992], and green rust [Fredrickson et al., 1998; Parmar et al., 2001].

The bio-metallic minerals, in addition to other iron minerals, show a broad range of magnetic susceptibility
(MS) responses between a highly positive response for ferrimagnetic minerals such asmagnetite (513–1116×
10�6 m3 kg�1), maghemite (410–440 × 10�6 m3 kg�1) [Dunlop and Özdemir, 2001], and greigite (320 ×
10�6 m3 kg�1) to a low response for antiferromagnetic minerals such as hematite (1.19–1.69× 10�6 m3 kg�1),
goethite (<1.26× 10�6 m3 kg�1), siderite (1.0× 10�6 m3 kg�1), pyrite (0.3× 10�6 m3 kg�1), and lepidocrocite
(0.5–0.75× 10�6 m3 kg�1) [Dearing, 1994]. Thus, magnetic susceptibility might be used as a tool to diagnose
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biogeochemical zones where the coupling of carbon and iron cycling is occurring and provide a more holistic
approach to subsurface investigation.

Magnetic susceptibility data from hydrocarbon-contaminated sites have documented zones of enhanced
magnetic susceptibility within the smear zone (zone of water table fluctuation at hydrocarbon-contaminated
location) coincident with the free phase (mobile or free liquids moving down through the unsaturated zone
independent of the direction of flow of the groundwater or surface water) hydrocarbon plume [Mewafy et al.,
2011; Rijal et al., 2010, 2012]. These studies suggest that magnetic susceptibility can be used as a tool to: (1) infer
regions of hydrocarbon contamination, and (2) investigate intrinsic bioremediation by iron-reducing bacteria. A
recent study by Porsch et al. [2010] suggests the utilization of MS to monitor the mineralogical transformations
of magnetic ironminerals. The secondary mineralization pathways for the conversion of ferrihydrite to different
iron mineral phases are controlled by the biogeochemical factors in the aquifer including Fe(II)/Fe(III) ratios, Eh,
and pH [Hansel et al., 2003, 2005; Sumoondur et al., 2008]. Therefore, understanding the biogeochemical controls
on the formation of magnetic minerals is critical for the development of magnetic susceptibility as a viable
technique for the interrelationship between the geophysical response and biogeochemical settings.

In the present work, we extend the work of Porsch et al. [2010] and Rijal et al. [2010, 2012] by investigating the
magnetic susceptibility variations at a hydrocarbon-contaminated aquifer near Bemidji, Minnesota, where
methanogenesis and iron reduction are the main terminal electron acceptor processes [Baedecker et al., 1993].
This site represents a natural laboratory available for investigating biophysicochemical processes associated
with the intrinsic bioremediation of a crude oil spill. It is also characterized by an extensive geochemical and
biological data base. Our objectives are to: (1) provide a detailed picture of the variability of MS at the field site,
(2) determine what controls the variability of the MS, and (3) evaluate the use of MS as a viable technique for
identifying zones of coupled iron and organic carbon biogeochemistry, using field based research.

2. Site History

The National Crude Oil Spill Fate and Natural Attenuation Research Site at Bemidji, MN (Figure 1), is a natural
laboratory available for investigating biophysicochemical processes associated with the intrinsic bioreme-
diation of a crude oil spill [Cozzarelli et al., 2001; Eganhouse et al., 1993]. The site geology consists of ~ 20 m
thickness of moderately calcareous silty sand and outwash glacial deposits overlying clayey till of unknown
thickness [Bennett et al., 1993]. In August 1979, a high pressure crude oil pipeline ruptured, releasing
1,700,000 L of crude oil. Oil pooled in low-topographic areas (~2000 m2) encompassing a total area of 6500 m2

to the southwest of the pipeline and forming the north and south contaminated pools. In addition crude
oil also sprayed to the southwest covering an approximately 7500 m2 area of land (shown as spray zone on
Figure 2). Our study is located on the north pool as it has been the focus of intensive geochemical [Cozzarelli
et al., 2010] and microbiological studies [Bekins et al., 2001]. Seasonal water table fluctuation (∼1 m annually)
across the site enhances adsorption of free hydrocarbons (floating on the water table) onto the aquifer solids,
resulting in a smear zone (dominated by free and residual hydrocarbon contamination) with variable thickness.
According to Essaid et al. [2011], the north pool has a maximum oil saturation of 0.74 m in the down
gradient part of the oil body with a smear zone of more than 2 m. The water table depth below ground

Figure 1. Study site showing location of boreholes andmagnetic susceptibility transects X-X′ and Y-Y′ (shown on Figure 3). A-A′ shown on Figure 2.
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surface ranges from a minimum of 0 m (near an unnamed lake) to a maximum of 11 m with ~ 1 m seasonal
fluctuation [Delin et al., 1998].

The uncontaminated groundwater is aerobic with dissolved oxygen concentrations between 8 and 9 mg/L,
dissolved organic carbon of 2.8 mg/L as C, and low levels of nitrate at 44.8 μg/L as N and sulfate at 2.9 mg/L
[Bennett et al., 1993]. Geochemical changes in the plume have been previously described by Baedecker et al.
[1993] and Cozzarelli et al. [2010]. In the vicinity of the oil body, the aquifer is divided into anoxic, transition,
and oxic (background) zones. Within the anoxic portion, hydrocarbons are predominantly oxidized by iron
reduction [Lovley et al., 1989] and methanogenesis [Baedecker et al., 1993]. Bekins et al. [2001] identified two
zones of methanogenic activity with CH4 concentrations greater than 15 mg/L. The vadose zone vapor plume
near the oil body has low O2 (< 2%) and high CO2 (>10%) and CH4 (>15%) levels. Based on the estimation of
the four physiologic microbial populations of aerobes, iron reducers, heterotrophic fermenters, and
methanogens, Bekins et al. [2001] documented the progression from iron reduction to methanogenesis
within the anaerobic portion of the contaminated aquifer.

Eight geochemical zones (Figure 2) have been identified at the North oil pool, five within the saturated zone
(Zones 1–5), and three within the unsaturated zone (Zones 6–8) [Baedecker et al., 1993; Bennett et al., 1993; Delin
et al., 1998]. Zone 1 is characterized by the uncontaminated, oxygenated native groundwater. Zone 2 lies be-
neath the spray zone where the pipeline ruptured and is characterized by low oxygen concentrations and high
concentrations of total dissolved inorganic and organic carbon. Zone 3 lies beneath the floating oil within the
anoxic plume where the groundwater contains high concentrations of hydrocarbons, dissolved manganese (II),
Fe (II), andmethane. Zone 4 is a transition zone from anoxic to oxygenated conditions with low concentrations of
hydrocarbons as a result of aerobic degradation processes. Zone 5 shows oxygenated water down gradient from
the contamination plume that contains slightly higher concentrations of dissolved constituents, such as benzene,
toluene, ethylbenzene, and xylene (BTEX). Zone 6 exhibits near atmospheric concentrations of O2. Zone 7 de-
notes a transition zone with lower concentrations of O2 (10–20%), hydrocarbon concentrations less than 1 part
per million (ppm), and higher concentrations of CO2 (0–10%) and CH4 (0–10%). Finally, Zone 8 is relatively anoxic
and contains maximum concentrations of CO2 (>10%), CH4 (>10%), and hydrocarbon (>1 ppm).

The geochemical and microbial studies suggest that iron reduction is an important terminal electron
acceptor process occurring within the plume [e.g., Baedecker et al., 1993]. In addition, dissimulatory

Figure 2. Characterized geochemical zones across the free phase plume and dissolved phase plume at the North oil pool of the study site in
1997 [modified from Delin et al., 1998].
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iron-reducing bacteria (DIRB) such as Geobacter bemidjiensis sp. and Geobacter psychrophilus sp occur in the
contaminated aquifer [Nevin et al., 2005]. Several studies have investigated the mineralogy of the sediments
within the site [Baedecker et al., 1992, 1993; Tuccillo et al., 1999; Zachara et al., 2004] and suggest that iron
minerals in sediments include goethite, hematite, magnetite, ferrihydrite, and maghemite [Bekins et al., 2001].

3. Methodology
3.1. Magnetic Susceptibility Measurements

We conducted MS surveys along two, nearly perpendicular profiles: one in the direction of the groundwater flow
(X-X′ from Figure 1) and the other nearly perpendicular to the groundwater flow direction (Y-Y′ from Figure 1).
The field magnetic susceptibility data were acquired down 11 cased boreholes (shown as red dots in Figure 1)
within locations of the free phase plume (9018, 0503, C1110, 9014G, G0907, G0906, and G0903), dissolved phase
plume (1101A, 1101D, and G0905), and the uncontaminated location (925F) using a BSS-02B borehole magnetic
susceptibility sonde (Bartington Instruments). All of the boreholes have polyvinylchloride (PVC) casings.

The BSS-02B is a borehole probe for measurement of magnetic susceptibility from 10�5 to 10�1 cgs and
operates at 1.36 kHz. The magnetic susceptibility probe is characterized by high vertical and horizontal res-
olution up to 25 mm. The region of detection is situated 190 mm from the end. This probe can be operated in
dry or water-filled boreholes. The sensitivity the magnetic susceptibility probe is 50 uT around the probe but
decreases to 10 uT within 2 cm of the probe. The principle of operation of the probe (Operating manual,
Bartington Instruments) is based on the magnetic state of a specimen, which is generally described by the
following equation:

B ¼ μo HþMð Þ (1)

where:

B is the flux density of the specimen in Tesla.
μo is the permeability of free space. This is a constant (4π× 10�7).
H is the applied field strength in AT/m.
M is the magnetization of the specimen in Tesla.

Dividing through by H, we get:

μr ¼ μo þ μoκ (2)

where:

μr is the relative permeability of the specimen (dimensionless)
κ is the magnetic susceptibility of the specimen (dimensionless)

Rearranging, we get:

μoκ ¼ μr � μo (3)

The sensor consists of a very high thermal stability oscillator for which awound inductor is the principle frequency-
determining component. When the inductor is surrounded only by air, the value ofμo determines the frequency of
oscillation. When the inductor is placed within the influence of the specimen to be measured, the value of μr
determines the frequency of oscillation. Electronic circuitry digitizes the μo and μr-dependent frequency values
with a resolution of better than one part in a million and computes the value of magnetic susceptibility.

In addition to the field measurements, a laboratory experiment was conducted to investigate the MS re-
sponse of four common iron mineral phases (magnetite, hematite, siderite, and goethite) that possibly exist
at the study site. The mineral specimens were obtained from the Geology Department at Oklahoma State
University with purity up to 99%. The specimens were crushed into fine particles using a rock crusher and
sieved to a size that passed through 0.15 mm sieve as this size represents the size range for magnetic min-
erals separated from the site. A portion of the sievedmineral specimen wasmixed with fine sand 125–250 μm
(0.1% dry weight or 0.23mgiron mineral/gsand). The ironmineral-sandmixture was packed into a 10 cm3 cup and
volumetric MS measurements were obtained using a Bartington MS2 magnetic susceptibility meter and
MS2B dual frequency sensor.
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3.2. Characterization and Analysis of Sediments
3.2.1. Quantification of Magnetic Iron Minerals Content
Two cores (one from the contaminated and another from the uncontaminated location) retrieved from the
field were sampled for isolation and characterization of the dominant magnetic iron mineral phases.
Subsamples of sediments were taken at 5 to 15 cm intervals along the cores and air dried under vacuum at
room temperature. The dried samples were used to quantify the magnetic iron mineral content using a bar
magnet. The mass of magnetic iron minerals (particles) retained by the bar magnet was measured and the
percentage of the magnetic-rich material per sample was determined. The magnetic susceptibility for the
dried samples retrieved from the cores as well as the magnetic mineral content is presented in Mewafy et al.
[2011]. In this study the magnetic susceptibility values ranged from 75 to 299 × 10�8 m3kg�1 in the con-
taminated core to 40 to 145× 10�8 m3kg�1 for the uncontaminated core.

3.2.2. X-ray Diffraction (XRD) Analysis
X-ray powder diffraction (XRD) was performed on magnetic iron-rich samples isolated from contaminated
core samples using a bar magnet in order to identify the magnetic iron mineral composition of the sed-
iments. The phase and crystalline structure of the samples were confirmed by powder X-ray diffraction
(XRD) using a Bruker D8 Advance diffractometer equipped with a LYNXEYE detector (D8-25 ADVANCE
Bruker AXS GmbH). The diffractograms were obtained with CuKα radiation filtered by a 0.02 mm Ni foil to
suppress the Kα lines, scanning in 2Θ with step size 0.02 degrees and 0.5 s per step. The operation voltage
and current were 40 kV and 40 mA. The samples were placed in specimen holders for back-loading
(sample reception 25 mm diameter by 0.6 mm depth). Phase identification was performed by matching
the diffractograms with patterns from the International Centre for Diffraction Data (ICDD) PDF 2 Release
2011 Database version 2.1102.

3.2.3. Environmental Scanning Electron Microscope Imaging
Scanning electron microscope (SEM) imaging of the surface chemical composition and morphology of the bulk
samples andmagnetic fractions isolated from the contaminated core samples was carried out using an FEI Quanta
600 FEG integrated with electron backscattering diffraction (EBSD) system. The ESEM operating parameters varied
depending on the surface characteristic being imaged and ranged from2.5 to 8.0 kV, 5.9 to 11.1mm, 700 to 3000×,
for accelerating voltage, working distance, and magnification, respectively. Energy-dispersive X-ray spectroscopy
(EDS) analyses were performed on the magnetic mineral particles to determine the mineral chemistry.

4. Results
4.1. Magnetic Susceptibility Measurements

Figure 3 shows the variability in magnetic susceptibility recorded in boreholes along the longitudinal (X-X′)
and transverse profiles (Y-Y′) with superimposed geochemical zones (as shown in Figure 2). In general, we

Figure 4. Histograms for the average magnetic susceptibility (values in SI) for the vadose zone, the zone of water table fluctuation, and the sat-
urated zone along X-X′ and Y-Y′ transects. Notice the highMSmagnitude for locations with free product compared to the dissolved product and
uncontaminated location for both vadose zone and the zone of water table fluctuation. The label on the x axis represents the borehole numbers.
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observe a zone of higher (elevated) magnetic susceptibility ~1–1.5 m thick at the contaminated locations
~100–300× 10�4 SI. This type of anomaly is not observed at the uncontaminated (background) location
~87.9× 10�4 SI. Figure 3 shows that magnetic susceptibility values across the site show a marked increase
within the zone of water table fluctuation with higher magnitude for the free phase plume compared to the
dissolved phase plume as well as uncontaminated locations. This zone of enhanced magnetic susceptibility
extends from the highest water mark to the lowest water mark and is coincident with geochemical zones 3
and 4 for the free phase plume and geochemical zones 1 and 5 for the dissolved phase plume. The magnetic
susceptibility anomalies for most borehole locations show that the magnetic susceptibility values peak at the
highest water mark, gradually decreasing toward the lowest water mark. In addition, some boreholes show a
second peak at the lowest water mark (e.g., borehole 9018, 1101A, G0907, G0903). The magnetic suscep-
tibility drops significantly within the saturated zone below the zone of WT fluctuation. For example, within
borehole 0503 themagnetic susceptibility magnitude decreases from ~95×10�4 SI at 422.9masl at the base of
the water table fluctuation zone to ~46.5 × 10�4 SI at 420 masl within the saturated zone. The thickness of the
zone of elevatedmagnetic susceptibility changes from~1.7mwithin the free phase plume (except for borehole
G0907 in Y-Y′ profile) to ~0.6mwithin the dissolved phase plume.We also observe a decrease in themagnitude
of the magnetic susceptibility values down gradient from the free phase plume to the dissolved plume. For
example, along profile X-X′, the magnetic susceptibility for borehole 9014, which is located about 15 m down
gradient (i.e., within the free phase plume) from the center of the plume, has a magnitude peak of about
424×10�4 SI. In contrast, the maximum value recorded in well 1101D is 87.9 × 10�4 SI, which is located within
the dissolved phase plume (~180 m from the core of the plume). At the background well 925F, which occurs
further down gradient and is supposed to be outside the boundary of the dissolved phase plume, we still see a
very small enhancement in magnetic susceptibility (89.58× 10�4 SI) across the water table interface.

Figure 5. Magnetic susceptibility of different magnetic mineral phases from laboratory measurements. Magnetite dominates the magnetic
susceptibility response.

Figure 6. (a) XRD profiles of bulk mineral samples from the uncontaminated location and bulk and magnetic mineral samples isolated from
the sediments using a magnet bar from a region of (b) high magnetic susceptibility and (c) low magnetic susceptibility. The results indicate
that the magnetic minerals are mainly magnetite. Q — quartz, C — calcite, M — magnetite.
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Figure 3 reveals a higher magnetic susceptibility magnitude in the vadose zone above the free phase plume
~100× 10�4 SI (9018, 0503, and 9014) and corresponding to geochemical zones 8 and 7, as compared to the
vadose zone above the dissolved phase plume ~40× 10�4 SI, which corresponds to geochemical zones 1 and
6. The only boreholes that deviate from this pattern are G0907 and G0903, which are within the free phase

Figure 7. Scanning electron microscope (SEM) micrographs and energy-dispersive X-ray spectroscopy (EDS) analysis of magnetic-rich minerals
separated from the sediments of contaminated core; (a and c) SEMmicrographs from a region of lowmagnetic susceptibility and (b and d) EDS
analysis of the surface layer.

Figure 8. Scanning electron microscope (SEM) micrographs and energy-dispersive X-ray spectroscopy (EDS) analysis of magnetic-rich min-
erals separated from the sediments of contaminated core using a bar magnet; (a and c) SEM micrographs from a region of high magnetic
susceptibility and (b and d) EDS analysis of the surface layer.
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plume. The magnetic susceptibility drops significantly within the saturated zone below the WT fluctuation
zone ~31 × 10�4 SI and corresponding to geochemical zones 4 and 5 for the free phase plume locations.

Figure 4 shows the average magnetic susceptibility values of the vadose zone (2 m interval above the WT
fluctuating zone), the zone of WT fluctuation, and below this zone (2 m interval). This figure clearly demon-
strates, except for boreholes G0907 and G0903, that magnetic susceptibility measurements fromwithin the free
phase plume location display higher magnitude compared to magnetic susceptibility measurements from
within the dissolved phase plume and uncontaminated locations. Also, the average values fromwithin the zone
of WT fluctuation suggest that this zone of magnetic susceptibility is about 4 times higher (90 to 140×10�4 SI)
for most of the free phase plume locations (9018, 503, 9014, and G0906) compared to 31–43×10�4 SI at the
dissolved plume locations (1101A, 1101D, and G0905). Additionally, the magnetic susceptibility magnitudes are
higher at locations below the free phase plume (~46.5 × 10�4 SI at 420 masl for boreholes 0503 and G0906)
compared to the dissolved phase plume (~26×10�4 SI at 420 masl for boreholes 1101D and G0905).

Figure 5 shows the laboratory magnetic susceptibility results of the 0.1% magnetic mineral-sand mixtures.
The magnetic susceptibility (87.9 SI) response of magnetite dominates the magnetic susceptibility response
of all the other minerals (0.75 SI for siderite; 1.7 SI for hematite; and 0.74 SI for goethite).

4.2. Characterization and Analysis of Sediments

The isolated magnetic iron-rich mineral grains range in size from 15 μm to 500 μm. The percentage of the
magnetic iron-rich minerals (by dry weight) in the uncontaminated core varies from 0.07% to 0.22% with an
average value of 0.14%. In contrast, the contaminated core showed relatively high percentages of magnetic-
rich minerals ranging from 0.19% to 0.44%, reaching a maximum within the zone of water table fluctuation
and coincident with higher magnetic susceptibility [Mewafy et al., 2011]. According to the o2θ and intensity
values, the XRD patterns of samples from the uncontaminated core (Figure 6a) are dominated by quartz (Q)
and some calcite (C). XRD patterns from the contaminated sediments from a region of high magnetic sus-
ceptibility (Figure 6b) and lower magnetic susceptibility (Figure 6c) suggest the presence of quartz and calcite
as the nonmagnetic fractions with magnetite (M) as the dominant solid magnetic iron mineral phase.
Figures 7 and 8 show SEMmicrographs of the magnetic iron minerals from the contaminated location within
a region of low magnetic susceptibility (Figure 7) and from the zone of peak magnetic susceptibility
(Figure 8). The SEMmicrographs of themineral grain surfaces varied according to location. In the zone of high
magnetic susceptibility, mineral surfaces were covered with precipitates (Figures 8 a and 8c). EDS analyses of
the coating layer suggested Fe-containing phase (Figures 8b and 8c). In zones of low magnetic susceptibility,
SEM also showed precipitation (Figures 7a and 7c) and EDS analyses suggest Si, Al, Ca, Mg, Al, Na (Figure 7b),
and Fe (Figure 7d).

5. Discussion
5.1. Magnetic Mineral Phases

The variability in magnetic susceptibility values both vertically and laterally appears to be related to the
presence of hydrocarbon contamination (Figure 9) as well as the geochemical zones shown in Figure 2. For

Figure 9. Magnetic susceptibility profiles superimposed on the free phase, methane and dissolved phase plumes and dissolved Fe (II) along
transect X-X′ [modified from Cozzarelli et al., 2001].
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microbes to aerobically or anaerobically degrade oil, the reduction of an electron acceptor is required [Schink,
2005]. Ferrihydrite can be reduced to Fe (II) when aromatic hydrocarbon oxidation is coupled to iron reduc-
tion [Anderson and Lovley, 2000; Lovley et al., 1989]. This process can lead to the precipitation of a variety of
ferrous minerals. X-ray diffraction (XRD) analyses of the separated magnetic iron mineral grains suggested
that magnetite was the dominant solid mineral phase within the zone of peak magnetic susceptibility
(Figure 6b). Previous studies at the site have documented the depletion of ferrihydrite toward the center of
the plume with the enrichment of siderite, magnetite, and ferroan calcite [Baedecker et al., 1993; Tuccillo et al.,
1999; Zachara et al., 2004]. Although siderite and ferroan calcite could have constituted part of the iron
mineral phases isolated from the aquifer, further analysis suggests that small amounts of magnetite in sed-
iments dominate the magnetic susceptibility response relative to the combined effect of all other iron min-
eral phases (Figure 5). This is not surprising as magnetite is ferrimagnetic, with very high magnetic
susceptibility 10,000 – 57,000 × 10�4 SI [Dearing, 1994]. In contrast, iron carbonates such as siderite are less
magnetic (13–110× 10�4 SI) [Dearing, 1994; Jacobs, 1963].

The SEM imaging of the magnetic minerals within the contaminated zone revealed variability in the character
of the mineral surfaces within the presence of the hydrocarbon-contaminated zone (Figure 8). Within zones
of high magnetic susceptibility, mineral grains were covered with precipitates and both the surfaces of the
minerals and the precipitates were dominated by a Fe-containing phase (Figures 8a–d). In contrast regions of
lower magnetic susceptibility had limited precipitation on the surfaces and, although containing a Fe phase,
also contained Si, Al, Ca, Na, and Mg (Figures 7a–d). These results are consistent with a previous study at
Bemidji by Baedecker et al. [1992] who also observed Fe as the main element present on the surface of the
mineral grains.

Baedecker et al. [1992] suggested that the magnetite at the Bemidji study site is of authigenic origin. Also,
Tuccillo et al. [1999] documented that magnetite was abundant in the magnetic fraction of the bulk sediment
and represents roughly 0.5% of the bulk sediment, which is consistent with our own results, in addition to
siderite and ferroan calcite. Nonetheless, a study by Zachara et al. [2004] at the site suggested ferroan calcite
precipitation and indicated that they found no evidence of biogenic magnetite formation contradicting the
claim made by Baedecker et al. [1992] that the magnetite present in the Bemidji aquifer was of biogenic or-
igin. Instead, using the euhedral morphology of magnetite grains, Zachara et al. [2004] suggested that the
magnetite present in the Bemidji aquifer was detrital magnetite of magmatic or metamorphic origin. Our
SEM imaging did not provide conclusive evidence of nano-size magnetite that is typically formed biotically
[Zachara et al., 2002]. Nonetheless, this could simply be explained by the fact that the SEM imaging was not
able to detect the nano-sized particle, if these particles formed as a coating on the surface of the sand par-
ticles. In fact, using the Scherrer equation [Langford and Wilson, 1978] and the magnetite peak (full width at
half maximum) from the XRD spectrum, we calculated crystallite sizes ranging from 30 to 180 nm. We
speculate that the sediment was probably coated with magnetite nanoparticles, too small to be seen using
the SEM. This could also explain why the EDS analyses from the high magnetic susceptibility zone (Figures 8b
and 8c) showed the surface consisting mostly of a Fe phase.

Figures 3 and 4 demonstrate that there is an increase in themagnetic mineral content within the contaminated
locations (especially within the free phase plume) and that the magnetic mineral concentration increases to-
ward the top of the water table at the oil/water interface. We also observed a decrease in the magnitude of this
response away from the free product zone to the uncontaminated zone (Figures 3 and 4). The coincidence of
magnetic susceptibility peaks in zones of hydrocarbon contamination and the spatial variability of the magni-
tude of themagnetic susceptibility with hydrocarbon distribution points to a possiblemicrobial mediated origin
of the magnetic minerals. In this case, the magnetic minerals form abiotically but with the geochemical con-
ditions resulting in the precipitation of theses minerals mediated by microbial iron reduction.

Our findings are consistent with recent results obtained by Rijal et al. [2010, 2012] for hydrocarbon-
contaminated sites in the Czech Republic. In the Rijal et al. [2010] study, the shape and spatial relation
between the magnetic anomaly and water table is remarkably similar to the data presented in Figures 3 and 4.
Rijal et al. [2010] also documented that magnetic concentration parameters increased toward the top of the
water table and that the magnetic fractions contained both superparamagnetic and single domain magnetite.
Incidentally, Klueglein et al. [2013] have recently isolated a new Fe(III)-reducing and magnetite-producing
bacterial strain Geothrix fermentans HradG1 from the high magnetic and redox-dynamic layer observed in the
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Rijal et al. [2010] study. In another study, Rijal et al. [2012] documented enhanced magnetite content in
hydrocarbon-contaminated samples compared to noncontaminated soils and sediments, suggesting
microbial Fe(III) reduction as the possible cause for the enrichment in magnetite within the zone of
contamination. At our study site, recent microbial studies have identified the presence of Albidiferax (an
Fe(III) reducing bacteria), Geobacter and Desulfosporosinus sp (that is also known to reduce iron) in
addition to methanogens and syntrophic bacteria in the zone of enhanced magnetic susceptibility
[Beaver et al., 2013]. Thus, the microbial results support the idea of a microbial-mediated origin of
magnetite across the contaminated plume.

5.2. Fe(II) Concentration Control on MS Variability

Tuccillo et al. [1999] and Amos et al. [2012] have documented reduced levels of Fe(III) in the sediments closest
to and underneath the oil body (zone 3) whereas Fe(II) values under the oil body (19.2 μmol/g) are as much as
4 times higher than those in the background sediments (4.6 μmol/g) (zone 1). Figure 9 shows that the
dissolved Fe(II) concentrations are highest within the free phase oil plume (~ 0.716 mmol/L) within the upper
parts of zone 3 and lower parts of zone 8 compared to the dissolved phase plume (less than 0.072 mmol/L;
zones 4 and 5). Iron data by Bekins et al. [2001] suggests that Fe(II) builds up in excess of Fe(III) near the water
table in the oil body (zone 3). Moreover, the reduction in permeability toward the water table can reduce the
Fe(II) flow rate, which can increase the chance of Fe(II) complexation by organic matter [Bekins et al., 2001].
Incidentally, the peaks in Fe(II) in sediments from Bekins et al. [2001] line up with peaks in the magnetic
susceptibility profile located at the oil/water interface from borehole G906 (data not shown). Electron mass
balance calculations within the Bemidji aquifer by Amos et al. [2012] suggest that CH4 oxidation may be
coupled to Fe(III) reduction. In this scenario, CH4 oxidation linked to Fe(III) reduction within the anaerobic CH4

plume at the Bemidji site would contribute to the release of Fe(II) and therefore the high concentrations of Fe
(II) within the methanogenic zone [Beal et al., 2009].

Biomineralization pathways for different iron mineral phases are controlled by many factors including pH,
redox potential, carbonate concentration, and mostly, respiration-driven Fe(II) supply rate and magnitude
[Fredrickson et al., 1998; Zachara et al., 2002]. Reaction of Fe(II) with ferrihydrite results in different secondary
mineralization pathways including goethite, lepidocrocite, and magnetite. These phases vary in their pre-
cipitation extent, rate, and residence time, all of which are primarily a function of Fe(II) concentration and
ligand type (Cl, SO4, CO3). While lepidocrocite and goethite precipitate over a wide Fe(II) concentration range,
magnetite and siderite accumulation is only observed at surface loadings greater than 1.0 mmol Fe(II)/g
ferrihydrite (in the absence of bicarbonate). In a laboratory experiment, Zachara et al. [2002] investigated the
biomineralization of poorly crystalline Fe(III) oxides by dissimilatory metal-reducing bacteria (DMRB). They
observed that the supply rate and total concentration of biogenic Fe(II) are the primary determinants of the
nature of secondary mineralization products. At lower supply rates, they observed the precipitation of Fe(III)
oxides, while at medium and higher rates, magnetite and siderite were dominant precipitates, respectively.
Hansel et al. [2003] and Sumoondur et al. [2008] showed in controlled experiments that, as a function of Fe(II)
concentration and ligand type (Cl, SO4, CO3), magnetite can be the end-product of a process that may pro-
ceed via intermediate phases such as lepidocrocite, goethite, and sulphate green rust. Additionally, Hansel
et al. [2005] documented the precipitation of magnetite when the Fe(II)/ferrihydrite ratio is greater than
1.0 mmol Fe(II)/g ferrihydrite. Hansel et al. [2003] observed the formation of goethite and magnetite by sorption
of Fe(II) to ferrihydrite.

To evaluate the role of Fe(II) in the formation of themagnetic mineral phases, we superimposed themagnetic
susceptibility profiles on the Fe(II) concentrations measured in the aquifer (Figure 9). We observe that
although hydrocarbon contamination exists and iron reduction is taking place over the entire aquifer
underneath (i.e., within impacted regions of the aquifer), the enhancement in the MS values occurs only
within the zone of highest Fe(II) concentration (>0.716 mmol/L) within zone 3, compared to lower magnetic
susceptibility values downgradient (<0.072 mmol/L). As predicted by Hansel et al. [2003, 2005], magnetite
accumulation should only be observed at concentrations exceeding 0.3 mmol/L (equivalent to 0.5 mmol Fe
(II)/g ferrihydrite), which is consistent with our magnetic susceptibility observations and magnetic mineral
quantification. Hansel et al. [2003] further report that lower initial Fe(II) concentrations followed by higher
concentrations promote goethite accumulation while inhibiting magnetite precipitation even when Fe(II)
concentrations increase later on. Thus, the presence of higher concentrations of magnetite in zone 3 suggests
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higher initial concentrations and supply rates of Fe (II) within the oil plume and confirms the stable nature of
the precipitated magnetite. Therefore the intrusive or nonintrusive measurements of the magnetic suscep-
tibility may provide important insights into the biogeochemical controls and the kinetics and mechanisms of
magnetite formation and other magnetic mineral phases.

5.3. Organic Carbon Concentration Control on Magnetic Susceptibility Variability

Figures 3 and 4 show high magnetic susceptibility values within the free phase plume that decrease in
magnitude toward the dissolved plume. The high magnetic susceptibility within the free phase plume is only
limited to the upper parts of zone 3 and lower parts of zone 8 (Figure 3) where the highest concentrations of
hydrocarbons including free phase oil andmethane are observed. Rijal et al. [2010] made similar observations
at another hydrocarbon-contaminated site. The coincidence between the zone of magnetic susceptibility
enhancement and the high concentrations of hydrocarbons suggests the coupling of organic carbon oxi-
dation with iron reduction. It also indicates a relationship between the hydrocarbon content and the con-
centration of Fe(II). Zachara et al. [2002] observed in experiments on microbial iron reduction that, when an
electron donor (hydrocarbon in our case) was in excess, the ferrihydrite was almost fully transformed to fine-
grained magnetite. This process may be similar to the situation near the oil body. Also, Rijal et al. [2012] in-
dicated a reasonable relationship between the mass of total nonpolar hydrocarbon (TNPH) and the magnetic
susceptibility enhancement in soils.

Organic carbon content may also account for the variability in magnetic susceptibility within the vadose zone
across the site. In Figures 3 and 4, the magnetic susceptibility in the vadose zone above the free product
plume (geochemical zones 7 and 8 in Figure 2) is enhanced in contrast to that above the dissolved plume
(geochemical zone 6 in Figure 2). Figure 9 shows that the magnetic susceptibility enhancement is limited to
the zone of the methane plume in the vadose zone. In Mewafy et al. [2011], we documented that the en-
hancement in the magnetic susceptibility values above the free phase plume occurred within a zone where
methane depletion was occurring. We further suggested that the formation of magnetic mineral phases
provided evidence for the coupling of methane oxidation with iron reduction, which is consistent with recent
findings reported for the saturated zone by Amos et al. [2012].

5.4. Water Table Fluctuations Control on MS Enhancement

A significant observation in this study is that the enhanced magnetic susceptibility layer occurs entirely
within the highest and lowest water mark (Figure 3), suggesting that water table fluctuations have a strong
control on biogeochemical processes resulting in magnetic mineral transformation. Similar observations
have been made by Rijal et al. [2010] during a bioremediation experiment at a hydrocarbon-contaminated
site in the Czech Republic. They retrieved core samples from three locations. Two of the cores (S1, S2) were
directly affected by groundwater fluctuations during the remediation process, while the third (S3) was less
affected. They observed a more than fivefold increase in the magnetic parameters within the zone of WT
fluctuation in cores S1 and S2, while this trend was much weaker in S3. They suggested that the zone of water
table fluctuation was most biologically active and resulted in a zone of enhanced magnetic susceptibility.

The water table interface can provide large redox gradients between highly reducing conditions below the
water table and oxidizing conditions above the water table [e.g., Revil et al., 2010]. Fluctuations in the water
table may result in large temporal variations in redox conditions [Vorenhout et al., 2004]. Rainwater et al.
[1993] investigated the effect of water table movement on diesel degradation in a soil column versus a static
control soil column. They observed that the column subjected to water table movement had 15% less re-
sidual diesel than the static control soil column after 9 weeks. A laboratory investigation by Dobson et al.
[2007] showed that water table fluctuation resulted in the entrapment of light nonaqueous-phase liquid and
air below the water table and thus enhanced biodegradation. Lee et al. [2001] documented seasonal varia-
tions in the concentrations of the contaminant and byproducts in soil gas and groundwater of a shallow
contaminated aquifer in Korea. They indicated more active biodegradation in summer than in winter and
they related this variation to water table fluctuations.

In a recent study, Rezanezhad et al. [2014] investigated the effect of water table fluctuation on soil biogeo-
chemical processes. In one soil column, the water table remained stationary at 20 cm below the soil surface,
while in the other, the water table oscillated between the soil surface and the bottom of the column. They
observed dramatic changes in the redox potentials for the column with oscillating water table between
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~700 mV and�100 mV. Interestingly, they found that water table fluctuation resulted in faster depletion of soil
organic carbon within the midsection (transition zone) of the fluctuating water table column. They suggested
that transient redox conditions enhanced microbial oxidation of soil organic matter, resulting in the en-
hanced depletion of available organic matter, hence the limiting respiration rate observed at the end of the
experiment. Incidentally, the authors also documented that the potential CO2 production rates were highest
in the zone with~ 60% moisture content. They suggested that the periodic variations, together with a water
saturation level on the order of 60%, resulted in the enhancement of organic carbon mineralization in the
transition zone of the fluctuating column and thus enhanced the soil carbon turnover. However, the dryer
and wetter conditions prevailing in the upper and lower sections of the column, respectively, may be limiting
CO2 production. Incidentally, other studies have suggested that soil moisture content profoundly influences
composition, motility, survival, and activities of microorganisms responsible for degradation of hydrocarbons
with a water content of ~50–80% as optimum for maximum rate of biodegradation of aromatic hydrocarbons
[Yadav and Hassanizadeh, 2011].

For the Bemidji site, the confinement of the magnetic susceptibility enhancement to the zone of water table
fluctuation suggests to us that perhaps this interval may have optimum water saturation conditions neces-
sary for producing maximum rates of biodegradation. In addition we offer an explanation for the peak
magnetic susceptibility values occurring at the highest or lowest water mark. Studies frommany oil reservoirs
have observed degradation-related compositional gradients with the most degraded oil occurring near oil-
water contacts, suggesting that the base of the oil column (oil water contact) provides conditions that are
most conducive for biodegradation [Head et al., 2003; Bennett et al., 2013; Wang et al., 2013]. The hydrocar-
bons present in the oil column above the water table provide an abundant supply of electron donors,
whereas, the water column below provides the nutrients required for microbial growth, enhancing the ac-
tivity of the microorganism at the oil-water interface [Head et al., 2003]. This process would result in high Fe(II)
supply rates and therefore the formation of magnetite as predicted by the Hansel et al. [2003, 2005] studies.
Thus, the position of the oil-water interface, which fluctuates with the water table position, may explain the
peaks in magnetic susceptibility observed at the high and low water table marks and explain why the
magnetic susceptibility enrichment is not observed over the entire contaminated aquifer even though the
aquifer has high concentrations of organic carbon and Fe(II). In addition, magnetite is a mixed valence min-
eral containing both Fe(II) and Fe(III). The changing redox conditions imparted by the oscillating water table
will favor magnetite formation and therefore the high magnetic susceptibility observed within this zone
consistent with our results and those of Rijal et al. [2010].

Previous biogeophysical studies at hydrocarbon-contaminated sites have pointed out that the smear zone
(within the zone of fluctuating water table) is the most biogeochemically active zone [Werkema et al., 2003;
Atekwana et al., 2004; Abdel Aal et al., 2006]. In the above studies a clear enhancement in the bulk electrical
and complex conductivity was observed to have occurred within this zone. The conductive signature was
purported to result from enhanced mineral weathering from metabolic byproducts such as organic acids
[Atekwana et al., 2000, 2004; Sauck, 2000; Werkema et al., 2003], the formation of biofilms, or an increase in
surface roughness and surface area [Abdel Aal et al., 2006]. In the presence of electron donors and acceptors,
this zone may be the source of electrical currents generating electrical field anomalies [Naudet et al., 2003,
2004; Revil et al., 2010]. In this study, we provide an additive explanation highlighting the role of bio-metallic
mineral phases. We suggest that the precipitation of bio-metallic minerals resulting from microbial redox
processes can explain the conductive response observed at many hydrocarbon-contaminated sites. In fact,
Mewafy et al. [2013] documented an enhancement of the complex conductivity response within the mag-
netite enriched layer and demonstrated through controlled laboratory experiments that the imaginary
conductivity component was directly related to the magnetite concentration suggesting that the presence of
themagnetite controlled the imaginary conductivity response. Thus, the interpretation of geophysical data at
hydrocarbon-contaminated sites must be completed in concert with an understanding of the biogeochem-
ical and terminal electron acceptor processes occurring at the site.

6. Conclusions

We investigated variations in magnetic susceptibility across an oil-contaminated site undergoing active bio-
degradation with iron reduction and methanogenesis as the dominant biogeochemical processes occurring in
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the aquifer. Our results show the following: (1) the presence of an enhanced zone of magnetic susceptibility,
which is most likely related to magnetic mineral enrichment, occurring within the zone of water table fluctua-
tion, showing peak values occurring at the top of the water table fluctuating zone and corresponding to the
oil-water interface. Such anomalous magnetic susceptibilities are not observed at the background locations; (2)
magnetic susceptibility values within the free product plume are generally higher compared to values within
the dissolved product plume; (3) magnetic susceptibility values in the vadose zone above the free product
plume where methane oxidation is taking place are higher compared to vadose zone samples above the
dissolved product plume; (4) high magnetic susceptibility values (90 to 140×10�4 SI) coincide with zones of
elevated Fe (II) concentrations limited to the upper parts of the water table; and (5) SEM imaging of the surfaces
of the mineral grains within the zone of high magnetic susceptibility show coatings of an Fe-containing phase
and XRD analyses suggest that magnetite was the dominant magnetic mineral.

We suggest that under high organic carbon loading conditions, a fluctuating water table regime, optimum
moisture conditions, and fluctuating redox conditions accelerate microbial activity. Hence, organic carbon
degradation results in high rates of Fe(II) production and favors the precipitation of magnetic minerals. The
recognition of the zone of enriched bio-metallic magnetic mineral phases within the water table fluctuating
zone calls for a reevaluation of biogeophysical signatures observed at organic carbon-rich environments (e.g.,
hydrocarbon and landfill sites) commonly attributed to an enhancement of pore water conductivity related
to the production of metabolic byproducts. We conclude that magnetic susceptibility measurements are: (1)
a low-cost, rapid monitoring tool for assessing the extent of hydrocarbon contamination, (2) able to delineate
zones where magnetic mineral formation is occurring, and (3) can serve as a proxy for regions where carbon
cycling is linked to iron cycling. As a result, biogeophysical studies can play a critical role in delineating zones
of enhanced biogeochemical processes so that they can be better studied by microbial and
geochemical investigations.
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