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ABSTRACT 

We investigate magnetic phase (trans)formation in the presence of petroleum 
hydrocarbons and its relation to bacterial activity, in particular in the zone of remediation 
driven fluctuating water levels at a former military air base in the Czech Republic. In 
a previous study an increase of magnetite concentration from the groundwater table 
towards the top of the groundwater fluctuation zone (GWFZ) was reported, however with 
limited reliability as there was no control on small-scale effects. To recognize statistically 
significant magnetic signatures versus depth, we obtained multiple sediment cores from 
three locations in January 2011 and April 2012, penetrating the unsaturated zone, the 
GWFZ and the uppermost one meter below the groundwater level (~2.3 m depth at the 
time of sampling). Magnetic concentration variation versus depth was determined by 
measuring magnetic susceptibility (MS) and remanence parameters. Small-scale features 
were identified and eliminated by statistical processing of multiple cores. A trend of 
increasing MS values from the lowermost position of the groundwater table upward was 
verified and highest magnetic concentration was found at the top of the GWFZ. Magnetic 
mineralogy indicates that newly formed fine-grained magnetite in the single domain to 
small pseudo-single domain range is responsible for the MS enhancement confirming 
previous results. There is no correlation with the depth variation of hydrocarbon (HC) 
concentrations; however, total organic carbon is linked to MS and may represent 
a degradation product of HC that is bioavailable for microorganisms. Bacterial activity is 
likely responsible for magnetite formation as indicated by most probable number (MPN) 
results of iron-metabolizing bacteria. The comparison of our results with an earlier study 
conducted at the same site revealed that magnetic concentration clearly decreased since 
remediation was terminated in 2008, possibly due to dissolution of magnetite. 
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1. INTRODUCTION 

Sediments, soils and groundwater can act as a natural storage for many types of 
pollution. Within the last three decades environmental magnetism has become a growing 
field of research, contributing to the development of efficient methodologies for localizing 
and characterizing pollution (Petrovský and Ellwood, 1999). Magnetic susceptibility (MS) 
can be measured fast in the laboratory and in-situ, even in high resolution along shallow 
~0.5 m deep vertical sections (Petrovský et al., 2004). Measurements of MS yield 
information with low cost and consuming less time than chemical analysis and thus may 
complement chemical methods, increasing the efficiency and reliability of site assessment 
by a better targeted selection of sampling sites and sampling depths for chemical 
laboratory analyses (Appel et al., 2003; Blaha et al., 2008). Various magnetic studies were 
conducted on soils and sediments to detect heavy metal pollution. In the case of heavy 
metals magnetic phases often come from the same sources such as combustion processes 
(Spiteri et al., 2005), steel industries (Yang et al., 2012), mining activities (Petrovský et 
al., 1998; Jordanova et al., 2013) or road traffic (Hoffmann et al., 1999; Salo et al., 2012), 
and are transported into the environment in a similar way as the heavy metal pollutants. In 
contrast to heavy metals, however, the relationship of magnetic property changes due to 
organic compounds is far less investigated. 

Magnetic signatures associated with the presence of underlying HC resources have 
been proposed by Perez-Perez et al. (2011) and Guzmán et al. (2011), in the latter study 
near-surface magnetic anomalies were found in oil fields of Venezuela, which are 
probably associated with maximum accumulation of hydrocarbons (HC) in the reservoir 
or with HC migration. Emmerton et al. (2013) reported a connection between magnetic 
mineralogy and oil biodegradation within oil-bearing sedimentary units, they concluded 
that a distinct decrease in MS is correlated to decreasing oil quality and the amount of 
organic matter, and that magnetite occurs in different grain sizes depending on oil quality. 
The results of Aldana et al. (2011) suggested that the magnetic signature in the HC 
microseepage can be magnetite or greigite. In another paper, Venkatachalapathy et al. 
(2011) proposed that instead of expensive and destructive chemical methods, MS can be 
used as a suitable rapid assessment of petroleum HC contamination in marine sediments. 
However, the studies of Morris et al. (1994) on sediments from Hamilton harbor (Canada) 
and Hanesch and Scholger (2002) on soil near a steel mill in Austria make us aware about 
complications and possible pitfalls. In both studies a significant correlation between MS 
and HC contents was found, but because of concurrent heavy metal contamination a direct 
tie of magnetic properties to the presence and origin of HC is unclear. At the former oil-
field Hänigsen (Germany) the influence of heavy metal pollution is neglectable, and a 
reasonable relationship between magnetic enhancement and HC contents in soils and 
sediments seems to exist, however the relationship is complex (Rijal et al., 2012). 

Technological advancement for detecting and monitoring HC contamination such as 
after oil spills would be of great interest for rapid site assessment and proper selection of 
remediation strategies. For this we focus on a field site at Hradčany (Czech Republic) that 
was used as a military airbase until 1990. Remediation was performed since 1997 using 
several techniques including air sparging which stimulated the degradation of organic 
contaminants and caused strong fluctuations of the groundwater table along with 
a simultaneous displacement of HC contaminants that were still present in the 
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groundwater upward into the unsaturated zone. In this study we aim to investigate the 
effects of HC contamination and groundwater table fluctuation on iron mineralogy within 
the groundwater fluctuation zone (GWFZ) using magnetic methods. This work extends 
the previous study of Rijal et al. (2010) by improving the reliability of the magnetic 
signatures related to different levels (groundwater table, GWFZ) and adding additional 
insight into the nature of magnetic properties and the underlying processes, also 
documenting changes over some years. It was suggested that Fe(III)-reducing and Fe(II)-
oxidizing bacteria in natural conditions can cycle bioavailable iron and thereby form 
magnetic minerals including magnetite, thus increasing MS (Porsch et al., 2010; 
Klueglein et al., 2013). Therefore we also include microbiological analysis in our study. 

2. MATERIALS AND METHODS 

2 . 1 .  S t u d y  a r e a  

The study area is located at a former military air force base at Hradčany (503714N, 
144417E) in the Czech Republic, about 100 km north-east of Prague (Fig. 1a). The total 
area of the site is 0.28 km2. It was used as a military site during 19401990 by 
Czechoslovak, German and finally Soviet armies. Leaks at storage areas and jet fuelling 
stations heavily contaminated the unsaturated zone and the groundwater with petroleum 
hydrocarbons (Fig. 1a). An estimate of about 7150 tons of hydrocarbon was released into 
the soil and groundwater (Machackova et al., 2008; Rijal et al., 2010). 

The site and its vicinity are situated in the sediments of the Bohemian Cretaceous 
basin, which forms the main groundwater reservoir of the Czech Republic. The simplified 
stratigraphy at the site is as follows: the upper layers (0.53 m thick) consist of sandy-
gravelly Quaternary river sediments; the aquifer is represented by middle to fine middle 
Turonian sandstone with a thickness of 6775 m (Machackova et al., 2005, 2008). The 
groundwater flows towards north-west direction as shown in Fig. 1b. Our study is located 
in the eastern part of the contaminated area. Pollution of soil and groundwater by 
hydrocarbons was spread into the alluvial sediments of Ploučnice River and in the middle 
Turonian sandstones. 

During remediation soil vapour extraction and soil venting were used to remove the 
free oil phase and volatile compounds from the unsaturated zone. Air sparging and 
nutrient amendments were applied in the saturated zone to provide favorable conditions 
for aerobic biodegradation of contaminants in the groundwater. At the end, high 
concentrations of petroleum hydrocarbons remained around the groundwater table (Masak 
et al., 2003; Machackova et al., 2005, 2008), and the highest level of contamination was 
observed in the zone which was affected by groundwater table fluctuations (smear zone). 

2 . 2 .  S a m p l e s  

Sediment cores were collected from three sites (C1-3; Fig. 1b) in January 2011 and 
April 2012, corresponding to the sites S1-3 sampled in 2008 and examined by Rijal at al. 
(2010). The cores penetrated the unsaturated zone, the GWFZ and extended to about one 
meter below the groundwater level (~2.3 m depth at the time of sampling). In the 2011 
campaign only one core from each location was drilled, while in the 2012 campaign 
triplicate cores were collected from each location within less than one meter distance from 
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each other in order to better recognize representative magnetic behavior versus depth. For 
soil sampling, dual tube sampling system (caliper of 5 cm) with a percussion aided unit 
(Geoprobe model 6610DT) was used. The sites C1 and C2 were located in the 
downstream direction of the groundwater flow from the pollution source (the fuel storage 
concrete bunker) whereas C3 was taken in the upstream region (Fig. 1b); therefore, the 
coring sites C1 and C2 were more contaminated. As air sparging was predominantly 
performed in the downstream region of the fuel storage area, C1 and C2 were stronger 
influenced by the remediation processes than C3. 

 
Fig. 1. a) Location of the study area (Hradčany field site) in the Czech Republic showing the 
extent of the total polycyclic hydrocarbons (TPH) above the cleanup goal of 5000 mg/kg in both the 
soil and the groundwater (areas indicated in red). b) Close view of the sampling locations (C1, C2 
and C3); the dot-dashed line represents the strongly hydrocarbon-contaminated area. 
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2 . 3 .  L a b o r a t o r y  m e a s u r e m e n t s  

M a g n e t i c  p r o p e r t i e s  

Three parallel sets of samples were prepared from each core at high resolution of 
2 cm, air-dried at room temperature, and packed into 10 cm3 lidded plastic containers for 
magnetic measurements (for the 2011 and 2012 campaigns in total 830, 888 and 977 
samples for C1, C2 and C3, respectively). At some depths, where the gravelly sand 
content was dominant, it was impossible to collect 3 parallel sets. Special care was taken 
to avoid cross contamination during sample preparation. 

Magnetic susceptibility (converted to mass-specific values ) and anhysteretic 
remanent magnetization (ARM) were measured on all three sets, and frequency-dependent 
susceptibility (fd in %) and saturation isothermal remanent magnetization (SIRM) were 
measured on one set. Readings of MS were repeated three times for each sample, and the 
values were averaged. In the 2012 campaign, prior to the sub-sampling, volume-specific 
magnetic susceptibility ( was measured for the whole core using a Bartington MS2 
magnetic susceptibility meter connected to a MS2C ring-sensor. For MS measurements in 
the laboratory we used an AGICO KLY-3 kappabridge, and for fd an AGICO MFK1-FA 
kappabridge at two different frequencies of 976 Hz and 15616 Hz in a peak field of 
200 A/m. ARM was imparted with a DC bias field of 40 T and a peak alternating field of 
100 mT, while the ARM intensity was measured in a 2G Enterprises superconducting 
magnetometer (2G-755R). IRM was imparted by a MMPM9 pulse magnetizer, and the 
IRM intensity was measured with a Molspin spinner magnetometer. The IRM acquired at 
1 T is considered as the saturation IRM (SIRM), and a backfield IRM in a reverse field of 
0.3 T (IRM300) was used to calculate the S-ratio according to the equation of Bloemendal 
et al. (1992). Thermomagnetic measurements were obtained using KLY3 kappabridge 
with an attached CS-3 heating unit (maximum temperature 700C). For selected samples 
with high and low MS values within the GWFZ from all three coring sites, further 
analyses were performed. IRM acquisition curves were generated up to a maximum 
magnetic field of 2.5 T and analyzed by the cumulative log-Gaussian method (Kruiver et 
al., 2001). Statistical assessment was applied to examine the data. A coefficient of 
variation (Cv) was calculated to analyze the  data in order to detect outliers. The Cv value 
is defined as the ratio of the standard deviation to the mean ( v meanC    ). Whenever 
the data from parallel sample sets were not within a given percent range of the mean, 
these data were excluded from further consideration. 

S e d i m e n t  p r o p e r t i e s  

Selected samples from cores of all three sites and from different depths were measured 
for pH, total iron content (Fetot in %) and total organic carbon content (TOC in %). The 
pH was measured 24 h after adding 0.01 M CaCl2 solution according to ISO 1039 (1994) 
(Blume et al., 2000). The total iron content was identified by X-ray fluorescence (XRF) 
measurements using a Bruker AXS S4 Pioneer XRF device with a Rh-tube at 4 kW 
(Bruker AXS GmbH, Germany). Samples were first ground with an agate mill for 
10 minutes, then 1.5 g of sample powder (dried at 105C) was mixed with 7.5 g MERCK 
spectromelt A12 (mixture of 66% Li-tetraborate and 34% Li-metaborate) and melted at 
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1200C to fused beads. For determining TOC, the soil sample was dried at 60C, and 1 g 
(2 parallels) was used for analysis. Organic carbon was identified after removing the 
inorganic carbon by adding 16% HCl to the soil and stirring it with a glass rod until all 
CO2 bubbles disappeared. Then the sample was centrifuged at 2000 rpm after removing 
the glass rod and washing it with millipore water, repeating the washing step until the soil 
got rid of the acid. Finally the sample was dried again at 60C, weighed and measured for 
the TOC content using an elemental analyzer Vario EL (Elementar Analysensysteme 
GmbH, Germany). 

H y d r o c a r b o n  c o n t e n t  

For the quantification of the hydrocarbon content, 19 g of selected samples from the 
coring site C1 and 7 g from coring sites C2 and C3, taken from the unsaturated, water 
fluctuated and saturated zones, were extracted with acetone. After shaking, the acetone 
was cleared from the soil and mixed with isohexane and water. Afterwards the acetone 
was dissolved, and 0.5 g florisil was added. The solution was measured by gas 
chromatograpy using a HP 6890-II/MS (MS 5973). The compounds were identified by 
matching retention times and ion mass fragments and compared with results from 
a standard mixture of diesel and kerosene. The sample concentration was calculated and 
calibrated to an external standard. 

M o s t  p r o b a b l e  n u m b e r  

To analyze bacterial activity within the GWFZ from the coring site C1 we used the 
most probable number (MPN) quantification. 1 g of the wet homogenized soil was added 
to 9 ml of sterile, anoxic freshwater medium containing 0.6 g/l KH2PO4, 0.3 g/l NH3Cl, 
0.5 g/l MgSO4·H2O, 0.1 g/l CaCl2·2H2O with the pH adapted to the soil pH (modified 
from Hegler et al., 2008). From this a ten-fold dilution series (1011012) was prepared 
and then inoculated into deep well plates containing specific targeting additives: for 
Fe-reducers 5 mM ferrihydrite + 5 mM Na-lactate + 5 mM Na-acetate; for nitrate-
dependent Fe(II)-oxidizers 10 mM FeCl2 + 4 mM Na-nitrate + 0.5 mM Na-acetate. Deep 
well plates were sealed and incubated anoxically for at least 8 weeks at 20C. Results 
were analyzed using the KLEE-software (Klee, 1993). 

3. RESULTS 

3 . 1 .  G r o u n d w a t e r  t a b l e  

Three temporary small diameter groundwater monitoring wells were drilled about 
30 cm away from the coring sites C1, C2 and C3 for monitoring the groundwater level. 
The groundwater table was measured twice using an electrical tape; the groundwater level 
on 19 April 2012 was at 2.3 m, 1.5 m, 2.1 m from ground level for C1, C2 and C3 
respectively. We have to take into account that the surface elevations of C2 and C3 were 
0.9 m and 0.2 m below the baseline of C1. 

Groundwater fluctuation (GWF) at the study site is influenced by two factors, the 
natural seasonal variation and the remediation processes. At the site, air sparging caused 
spreading of contaminants over a broad zone (Rijal et al., 2010). The natural annual 
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variation of the groundwater table is in the range of 3040 cm (Rijal et al., 2010). The 
GWF in wells closest (1.01.5 m) to our sampling locations C1 and C2 was observed to 
extend over 0.61 m and 0.66 m, respectively. These measurements were carried out by the 
remediation company (personal communication), but their results are based on only few 
readings (3 and 7, respectively). Thus the mentioned values only give a minimum extent 
of the zone of GWF; its actual range is unknown and it can be considerably larger. 

3 . 2 .  M a g n e t i c  s u s c e p t i b i l i t y  p r o f i l e s  

The coefficient of variation (Cv) is used to determine the dispersion from the mean. 
This method was applied to our mass-specific susceptibility values () in order to detect 
outliers. We performed the procedure in two steps; in the first step we compared the 
values of the three parallel data sets from the same core, then in the second step we 
compared the mean values of the different cores from one site. If in both steps the Cv was 
below the defined threshold value, the mean value for the core at the corresponding level 
was accepted for further interpretation, otherwise results from this level were rejected. 
Fig. 2 shows the number of accepted samples for a given Cv threshold value for both 
levels (comparison within individual cores and for different cores from one location). For 
determining the Cv threshold value we checked the results in Fig. 2 for the Cv value at 
which the number of accepted samples drops more rapidly. From all curves we defined 
a uniform threshold value of 20%. The resulting vertical profiles of  from the three 
locations according to this selection criterion are shown in Fig. 3b, together with the 
original raw data of individual cores (Fig. 3a). In the case of the 2011 campaign, no 
multiple cores from the same sampling sites C1, C2 and C3 were taken, thus for these data 
only the first step of the statistical procedure could be applied and spatially small-scale 
heterogeneities may still be present in the final downhole curve. 

 
 

 
Fig. 2. Number of accepted depth levels (number of samples) versus coefficient of variation (Cv) 
for the three sampling locations C1, C2 and C3. The dashed curves show the analysis of individual 
cores; solid lines show the analysis between different cores from the same location. The vertical 
dashed lines mark the best estimate of the Cv threshold for each curve and the finally chosen Cv 
threshold value of 20%. 
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Fig. 3. Vertical profiles of magnetic susceptibility for the three sampled sites C1, C2 and C3. The 
upper dashed horizontal line is the surface baseline given by C1. a) 1: raw data (outliers included) of 
mass-specific susceptibility () for all 8 measured cores of the 2012 sampling campaign; 2: volume-
specific susceptibility () of Bartington MS2C long-core measurements (for each coring site the 
average of the three individual cores are shown). b) 1: mean values of  after excluding outliers 
based on the threshold definition shown in Fig. 2; 2: mass-specific  values of the 2011 campaign; 
3: results published by Rijal et al. (2010) for samples taken in 2008 (depths adjusted to our 
coordinate system). The solid horizontal line represents the groundwater table at the time of 
sampling (according to Rijal et al., 2010) the natural groundwater table is near its topmost level at 
the season of our sampling). The shaded area is the minimum extent of the groundwater fluctuation 
zone according to measurements during the remediation phase (made by the company that carried 
out the remediation). The lowest bold dashed line represents the expected lower level of the natural 
seasonal groundwater table variation according to the seasonal variation shown by Rijal et al. 
(2010). The highest bold dashed line is a tentative assumption of the uppermost limit of the 
groundwater fluctuation during air sparging. 
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For further discussion the vertical sequence of the sampling sites can be subdivided 
into the following zones (from bottom to top; see Fig. 3): 1) The permanently water 
saturated zone (PSZ) (the top of this zone we locate ca. 30 cm below the measured 
groundwater table as during the season of our sampling campaigns an average 
groundwater level maximum is expected); 2) the natural groundwater fluctuation zone 
(NGFZ); 3) the groundwater fluctuation zone (GWFZ) as indicated by the measurements 
of remediation company; 4) the GWFZ+ (a tentative higher level where the groundwater 
fluctuation has probably reached); 5) the permanently unsaturated zone (PUZ). 

3 . 3 .  M a g n e t i c  p h a s e  i d e n t i f i c a t i o n  

The relationship between  and ARM ( 40 μTARM ARM  ) shows a linear 
dependence through the origin with high correlation coefficients for both data sets 
(Fig. 4a) and with outliers excluded according to the Cv threshold criterion (Fig. 4b) 
(correlation coefficients r of 0.94 and 0.93, respectively). The good correlation is 
indicative that  is controlled by ferro(i)magnetic phases. 

High-temperature susceptibility (-T) curves were measured on four selected samples 
taken from the GWFZ in the coring site C1 at depths of 1.44 m and 1.62 m (Fig. 5a) and 
from the PUZ in the coring sites C1 and C2 at depths of 0.98 m and 0.44 m (Fig. 5b). The 
temperature cycles reveal a strong effect of new formation of magnetite during heating, 
but the plateau-like behavior in the heating curves at lower temperatures and the detection 
of only a single Curie temperature near 600C indicates that magnetite is also present in 
the original samples. Results from hysteresis measurements support this conclusion (see 
further below). 

Additional studies were conducted to reveal the magnetic mineralogy and the magnetic 
grain-size distribution (domain state) of magnetic minerals. IRM acquisition curves for 
selected samples within the GWFZ with low and high  values are shown in Fig. 6. IRM 

 
Fig. 4. Relationship between magnetic susceptibility () and susceptibility of anhysteretic 
remanent magnetization (ARM) on log-log scale and linear scale (insets); a) including outliers, 
b) excluding outliers. The correlation coefficients (r) and the number of data points are listed. 
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measurements permit the study of magnetic mineralogy at room temperature without the 
effect of newly formed minerals upon heating (Zhang et al., 2012). For most of the 
samples taken from the GWFZ, the IRM acquisition curves are almost saturated below 
300 mT. From cumulative log-Gaussian (CLG) analysis we detected two components, the 
dominating one with low coercivity (B1/2 ~ 38.14 mT), which most likely represents 
magnetite, and the other minor one with a much higher coercivity (B1/2 ~ 247.27 mT), 
possibly related to hematite. The IRM acquisition curves confirm the presence and 
dominance of a soft ferrimagnetic phase. 

Results of frequency-dependent susceptibility fd, S-ratio and ARM SIRM  versus  
are shown in Fig. 7, separated into data from the zone of the minimum extent of 

 
Fig. 5. Thermomagnetic curves of magnetic susceptibility  of four selected samples, normalized 
to the initial starting values. a) Samples within the groundwater fluctuation zone (shaded area in 
Fig. 3) of coring sites C1, C2; b) samples from the permanently unsaturated zone of coring sites C1, 
C2. Mean magnetic susceptibility values of the samples at the corresponding depths are shown. 
Initial values correspond to room temperature. 

 
Fig. 6. Curves of acquisition of isothermal remanent magnetization and cumulative log-Gaussian 
analysis (after Kruiver et al., 2001) of two selected samples from the coring sites C2 and C3 located 
within the groundwater fluctuation zone (shaded area in Fig. 3) and having low and high magnetic 
susceptibility, respectively. 
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groundwater fluctuation (GWF), the additional zone upward to the tentative uppermost 
limit of groundwater fluctuation (GWFZ+), the assumed zone of natural groundwater 
variation (NGFZ), and the permanently unsaturated (PUZ) and saturated zones (PSZ). The 
relatively low fd values (few samples exceed 5%) suggest that superparamagnetic (SP) 
grains only play a subordinate role, but nevertheless they seem to be present. The higher 
fd values for weaker magnetic samples may indicate that the natural sediments contain 
a certain amount of SP particles. ARM SIRM  is often used as magnetic grain-size 
indicator for magnetite (Evans and Heller, 2003). There is, however, no clear difference 
of this ratio in the different zones. In the GWFZ and GWFZ+ the scattering is somewhat 
smaller than in the other two zones and a positive trend versus susceptibility may exist. 
 
  

 
Fig. 7. Bivariate plots of frequency-dependent susceptibility fd, S-ratio and ratio of anhysteretic 
over saturation remanence ( ARM SIRM ) versus mass-specific susceptibility  separated for the 
different coring sites C1, C2 and C3 and different zones. Data (outliers excluded according to the 
coefficient of variation criteria) from the zones as discriminated in Fig. 3 are shown in the three 
rows as follows: Top: data from the permanently unsaturated zone (PUZ) (black) and from the zone 
that might have been influenced by groundwater fluctuation (GWFZ+; red); Middle: data from the 
zone of the minimum extent of groundwater fluctuation GWFZ (GWFZ; black) and from the zone 
GWFZ+ (red); Bottom: data from the zone that is permanently saturated (PSZ; black) and from the 
zone of the natural seasonal groundwater level variation (NGFZ; blue). The curve in the column at 
the right side is used to illustrate from which zones the data in the three rows are taken (a core from 
site C1 is selected for illustration). 
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The trend and the smaller scattering for a given susceptibility value are an indication for 
the new formation of fine-sized magnetite. The lower  values for the GWFZ 
stem from samples closer to the groundwater table. Dissolution of magnetite could explain 
this observation; the clearest trend is a non-linear increase of the S-ratio with 
susceptibility. This clearly supports the assumption of the new formation of magnetite in 
this zone. Moreover, in conjunction with the lower ratios for weak magnetic samples in 
the groundwater fluctuation zone compared to the unsaturated zone, we can conclude that 
in the saturated zone and lower fluctuation zone both new formation of SP magnetite and 
(partial) dissolution of all kinds of magnetite particles (originally present in the sediment 
and newly formed) are competing processes. 

3 . 4 .  C h e m i c a l  a n a l y s e s  

To investigate whether the changes in magnetic mineralogy are related to the presence 
of natural organic carbon or by the contamination with hydrocarbons due to fluctuations 
of the groundwater table, chemical analyses of selected samples from the coring sites C1, 
C2 and C3 within GWFZ were performed. The pH, TOC, Fetot and the bioavailable iron 
were measured and their statistical trends versus magnetic susceptibility ( values from 
long-core measurements) were analysed (Fig. 8). The pH values are all in the acidic range, 
varying between 4.5 and 5.5, independent of . Fetot shows a moderate positive 
correlation with  while the bioavailable iron is uncorrelated. The most significant 
positive correlation was found between TOC and  r = although TOC 
concentrations are very low (< 1%). TOC concentrations may be residuals from 
hydrocarbon contamination and their correlation with  values indicate that hydrocarbons 
played a role in the new formation of magnetite in the sediments. 

ARM SIRM

 
Fig. 8. Cross plots of the sediment properties: a) pH, b) total organic content TOC, c) total iron 
content Fetot, and d) bioavailable iron versus volume-specific magnetic susceptibility  (long-core 
values) of selected samples from the groundwater fluctuation zone (as shown in Fig. 3); the 
correlation coefficients (r) and trend lines are indicated. 
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3 . 5 .  H y d r o c a r b o n  c o n t e n t s  

The total hydrocarbon content of selected samples from the coring sites C1, C2 and C3 
are shown in Fig. 9. Low concentrations in C1 compared to C2 and C3 could be noticed 
which coincides with the previous results of HC analysis (47 mg/kg) conducted at the 
same site (Rijal et al., 2010). Trends of hydrocarbons from all three coring sites show no 
correlation with . The highest concentration of all three coring sites is above the 
groundwater table (in the GWFZ). 

3 . 6 .  M o s t  p r o b a b l e  n u m b e r  q u a n t i f i c a t i o n  

The MPN-method was used to investigate the bacterial activity within and around the 
GWFZ of coring site C1. Both bacterial metabolisms are important at this site, the nitrate-
dependent Fe(II)-oxidizing bacteria show higher cell numbers at the top of the GWFZ 
(Fig. 10a), the Fe(III)-reducing bacteria show high cell numbers throughout the sediment 
depth with slightly higher numbers at the lower part of the GWFZ (Fig. 10b). This 
supports the assumption that the new formation of magnetite was strongly dominated by 
bacterial activity of Fe (III)-reducing bacteria. 

4. DISCUSSION 

Fluctuations of the groundwater table with strong hydrocarbon (HC) contamination 
were frequently triggered by air sparging during the remediation process, driving the HC 
contaminants upward into the groundwater fluctuation zone (GWFZ). 
To evaluate the temporal changes after remediation termination by the end of 2008, we 
compared our results from 2011 and 2012 sampling campaigns with the results from the 
earlier study of (Rijal et al., 2010) with sampling in July 2008 at the same site (Fig. 3b). 
The duplicate and triplicate sampling at each site in 2012 allowed recognizing small-scale 
outliers that cannot be considered as typical for the general trend with depth. Identification 

 
Fig. 9. Scatter plots of hydrocarbon contents and volume-specific magnetic-susceptibility  
values (from long-core measurements) versus depth of selected samples from all three coring sites 
C1, C2 and C3. The horizontal dashed line represents the groundwater table at the time of sampling. 
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of such small-scale anomalies in the two other data sets is unfortunately problematic. Such 
small scale features may be still related to hydrocarbon and water fluctuation driven 
changes, but as they are difficult to analyze due to their small dimension, we restrict 
ourselves on observation of the more general depth trend. A further problem for the 
vertical zonation is the uncertainty in the extent of the GWFZ as the measurements during 
air sparging remediation (by the company on duty) are limited and only provide 
a minimum value of the upward movement of groundwater during air sparging at nearby 
wells. It can be assumed that the real upward extent of the GWFZ is reaching to higher 
levels, as indicated in Fig. 3a. Another question is the boundary of the GWFZ to the 
permanently saturated zone. In the 2012 campaign, we thoroughly determined the depth of 
the groundwater table by different methods (wetness of samples, water level in the 
borehole, response during sampling activity). We know that the seasonal variation of the 
groundwater depth at the study site is around 3040 cm (Rijal et al., 2010) and that during 
our sampling season this seasonal variation was at about the upper limit. From these 
considerations we can derive the boundary of the always saturated zone at approx. 30 cm 
below the groundwater table, measured during the sampling season in 2012. However, the 
upper limit of the GWFZ remains an open question. During the earlier sampling of Rijal et 
al. (2010), remediation was still affecting the spread of the groundwater and thus the 
determination of the natural groundwater table and the GWFZ was difficult. In Rijal et al. 
(2010), the depth scale of sites S2 and S3 (equal to C2 and C3 in our study) were 
erroneously labeled from the surface levels, instead to the surface baseline of S1 (equal to 
C1 in our study). For comparison of all three campaigns the depth scale of Rijal et al. 
(2010) was adjusted to the coordinate system shown in Fig. 3b. 

 
Fig. 10. Most-probable number counts for a) nitrate-dependent Fe(II)-oxidizing bacteria, 
b) Fe(III)-reducing bacteria versus depth, for samples taken from coring site C1. The dashed curve 
represents the volume-specific magnetic susceptibility  (from long-core measurements). The 
shaded area is the minimum extent of the groundwater fluctuation zone. The solid horizontal line 
represents the groundwater table at the time of sampling and the top dashed horizontal line is 
a tentative assumption of the uppermost limit of the groundwater fluctuation during air sparging. 
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Results of magnetic susceptibility () reflect variations in the concentration of 
magnetite as shown by the thermomagnetic curves (Fig. 5) and the higher S-ratio values 
(Fig. 7) that are observed for samples with higher χ values. The more narrow distribution 
of ARM SIRM  ratios for higher- samples in the groundwater fluctuation zone (Fig. 7) 
indicate that additional magnetite within a limited grain size range was formed here by 
a distinct process (likely caused by bacterial activity); the higher ARM SIRM  ratio for 
samples with high  in comparison to samples with low  in this zone indicates that this 
newly formed magnetite is in a fine-grained comprising particles of single-domain to 
probably small pseudo-single domain states (but no significant superparamagnetic fraction 
(as indicated by lowfd values). 

Results of MPN from C1 suggest that high numbers of Fe-metabolizing bacteria are 
likely a major factor for the new formation of magnetite in the GWFZ. Highest  values at 
the top of the GWFZ indicate that the top of the GWFZ was the most active zone for 
magnetite formation due to bacterial activity. This underlined by the fact that a newly 
described Fe(III)-reducing bacterial strain Geothrix fermentans strain HradG1 was 
isolated from this exact field site, which formed magnetite as main mineral product 
(Klueglein et al., 2013). 

Higher levels in the GWFZ are infiltrated with large amounts of water for the shortest 
time. A tendency of increasing  values from the top of the permanently saturated zone 
towards the top of the GWFZ is revealed. From the location of peak  values in these 
trends the top of the GWFZ can be assumed at approximately 1.3 m from the baseline in 
C1 and approximately 1.4 m in C2 (however, less clearly defined here from the  peak), 
while it appears to be located deeper in C3 (1.7 m). The upper limit of the GWFZ in C3 
can be expected as this site was less affected by air sparging. We found that total Fe 
content is increased for samples with higher magnetic concentration, but bioavailable iron 
and pH conditions seem not to be important for the formation of new magnetite (Fig. 8). 
Also, the distribution of the total content of hydrocarbons is unsystematic (Fig. 9) and is 
likely not a controlling factor. Interestingly, higher TOC contents (Fig. 8) are 
corresponding to higher  values. We speculate that petroleum hydrocarbons are not 
usable for most of the microorganisms (or could even be toxic to them), but bioavailable 
organic carbon that formed as a degradation product by e.g. Pseudomonas species may 
provide a suitable carbon source for Fe(III)-reducing bacteria. Our observation that 
enhanced  values in C3 (less contaminated) are similar to C1 and C2 point out that the 
amount of total hydrocarbon concentration is not a crucial factor. Once the organic carbon 
content from degradation of hydrocarbons (or natural origin) is sufficiently high, water 
level fluctuations can stimulate magnetite formation by bacterial activity. 

The lower  values in the permanently saturated zone and the lower part of the 
groundwater fluctuation zone point out that the new formation of magnetite and 
dissolution of magnetite in water logged conditions are competing processes. 
Interestingly, the absolute values of  for the 2008 samples are clearly higher than for the 
2011 and 2012 samples, in particular in the lower part with strong water logging. The 
decrease of  values from 2008 (end of air sparging) to 2011 and 2012 could be explained 
by ongoing dissolution (the pH is in the acid range; Fig. 8a) and cease of new magnetite 
formation. Porsch et al. (2014) have shown that stimulation by adding nutrients 
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(microbial growth medium according to Straub et al., 2005) is an important process of 
bacterial magnetite production; frequent groundwater fluctuations (during air sparging) 
may have acted as such stimulation. Could dissolution alone explain the observed low 
values in the depth range from the permanently saturated zone to the lower part of the 
groundwater fluctuation zone, i.e. the zones where high amounts of water reached 
frequently? It has been shown that decomposition of iron phases can occur under reducing 
hydromorphic conditions in soils (Terhorst et al., 2001). The relatively high  values in 
the permanently unsaturated zone compared to the permanently or often saturated lower 
part may allow such a conclusion, but the clear maximum of  values in the upper part of 
the groundwater fluctuation zone (GWFZ and GWFZ+) are contradictory to a mere 
dissolution effect. 

5. CONCLUSIONS 

The motivation for our study was (a) to improve the reliability of the magnetic 
signatures through a depth section of sediments which were affected by fluctuation of 
hydrocarbon contaminated groundwater, and (b) obtaining additional insight into the 
nature of magnetic properties and the underlying processes explaining their formation. 
Combining rock magnetic and biogeochemical methods we derive the following 
conclusions: 

1. Statistical analyses confirm the results of Rijal et al. (2010), i.e. magnetic 
concentration increases from the groundwater table towards the top of the 
groundwater fluctuation zone (GWFZ). 

2. Bacterial activity of Fe(III)-reducing bacteria is indicated as an important driving 
force for magnetite formation. The depth variation of magnetic concentration 
suggests that the top of the groundwater fluctuation zone (GWFZ) is the most 
active part. 

3. The concentration of petroleum hydrocarbons is likely not important, but organic 
carbon formed as a degradation product of hydrocarbon contaminants driven 
upward into the GWFZ could provide a carbon source for enhanced bacterial 
activity. 

4. Rock magnetic results show that the newly formed magnetite is in a fine-grained 
range comprising single domain to small pseudo- single domain particles. 

5. A comparison with the results of Rijal et al. (2010) suggests that magnetic 
concentration of sediments has clearly decreased since remediation terminated in 
2008, possibly due to dissolution of magnetite. 
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