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Abstract

Microorganisms are known to couple the degradation of hydrocarbons to Fe(III) reduction leading to the dissolution and
(trans)formation of Fe minerals including ferro(i)magnetic Fe minerals such as magnetite. The screening of soil magnetic
properties, in particular magnetic susceptibility (MS), has the potential to assist in locating and assessing hydrocarbon
(e.g. gasoline) contamination in the environment. In order to evaluate this, it must be understood how changes in soil geo-
chemistry and hydrocarbon input impact MS. To this end, we incubated microcosms with soils from six different field sites
anoxically and followed the changes in soil MS. In parallel we simulated hydrocarbon (i.e., gasoline) contamination in the
same soils under anoxic conditions. We found that in microbially active microcosms both with or without added gasoline,
average changes in MS of 6.9 ± 2.6% occurred, whereas in sterile controls the changes were less than 2.5% demonstrating that
microbial metabolism played a major role in the (trans)formation of ferro(i)magnetic minerals. The microcosms reached sta-
ble MS values after a few weeks to months in four out of the six soils showing an increase in MS while in two soils the MS
decreased over time. After stable MS values were reached, further addition of labile organic carbon (i.e., lactate/acetate) did
not lead to further changes in MS, but the addition of Fe(III) oxyhydroxides (ferrihydrite) led to increases in MS suggesting
that the changes in MS were limited by bioavailable Fe and not by bioavailable organic carbon. In the control experiments
without carbon amendment, we observed that natural organic matter was mobilized from the soil matrix by water or micro-
bial growth medium (0.33-0.47 mL/g field moist soil) added to the microcosms, and that this mobilized organic matter also
stimulated microbial Fe metabolism and thus also led to a microbially driven change in MS. This study shows that changes in
MS after an increase of the amount of bioavailable organic carbon can occur in a variety of soils. It also suggests that whether
MS increases or decreases depends on the initial MS of the soil and the extent of the MS change seems to depend upon the
amount of bioavailable Fe(III).
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1. INTRODUCTION

Crude oil and its products such as gasoline and diesel
fuel are used worldwide. Soil and sediment contamination
by these compounds represents a severe environmental
threat (Readman et al., 1992; Masak et al., 2003; Zachara
et al., 2004; Mendelssohn et al., 2012). For effective remedi-
ation of such sites, the contamination must be located and
the spatial extent of the affected area assessed. Soil samples
are usually taken from the potentially contaminated area
and analyzed in the laboratory, however, this is time con-
suming and cost intensive. Therefore, rapid and inexpensive
methods for assessment of hydrocarbon contamination in
the field are necessary.

Measurement of soil magnetic susceptibility (MS) has
been used to localize anthropogenic heavy metals in soils
based on the fact that heavy metals and magnetic phases
(mostly magnetite) are emitted from identical sources (com-
bustion processes, steel industries, mining activities, traffic)
and have similar transport pathways into and in the envi-
ronment (Petrovský and Ellwood, 1999). Since MS can be
measured within seconds in the field, this parameter can
be used for fast and cost effective surveys of large areas.
MS describes how strong a substance is magnetized in an
external magnetic field. Diamagnetic materials (e.g. quartz,
water) have a small negative MS, whereas paramagnetic
minerals (e.g. siderite, ferrihydrite) and antiferromagnetic
minerals with spin-canting (hematite) or defect moments
(goethite) have a small positive MS. Ferromagnetic ele-
ments (e.g. metallic Fe) and ferrimagnetic minerals (e.g.
magnetite, maghemite, greigite) have a very high or moder-
ately high (e.g. pyrrhotite) positive MS (Dunlop and Özd-
emir, 1997). For simplicity the term ferro(i)magnetic
minerals is used in this study and refers to ferrimagnetic
minerals and antiferromagnetic minerals with spin-canting
or defect moments. Although crude oil and its products
such as gasoline have a low or even negative MS (Iva-
khnenko and Potter, 2004), the measurement of soil MS
has also the potential to serve as a proxy for the presence
of hydrocarbons.

Ferro(i)magnetic phases are known to form in oil as sec-
ondary products during oil biodegradation (McCabe et al.,
1987). Additionally, crude oil components like n-alkanes
and polycyclic aromatic hydrocarbons can be degraded by
soil microorganisms (Hamamura et al., 2006; Borch et al.,
2010) including different Fe(III)-reducing microorganisms
(Lovley et al., 1989; Lovley and Anderson, 2000). Fe(III)-
reducers were shown to be able to reduce poorly crystalline
ferrihydrite as well as more crystalline Fe(III) minerals such
as goethite, hematite, and magnetite (for reviews see
Kappler and Straub, 2005; Weber et al., 2006; Konhauser
et al., 2011). Depending on the geochemical conditions
present during Fe(III) reduction (e.g. pH, presence of
carbonate, sulfide and phosphate) and depending on the
Fe mineral transformation pathway (reductive dissolution,
dissolution-reprecipitation or solid-state conversion),
different Fe-phases can form. Ferrihydrite was shown for
example to be converted into Fe(II)-carbonate, -sulfide,
-phosphate or goethite as well as mixed Fe(II)-Fe(III) min-
erals such as magnetite or green rusts (Roden and Zachara,
1996; Fredrickson et al., 1998; Hansel et al., 2005; Borch
et al., 2007; Piepenbrock et al., 2011; Amstaetter et al.,
2012). In turn, Fe(II) can be oxidized by anaerobic and
aerobic Fe(II)-oxidizing microorganisms (Kappler and
Straub, 2005; Weber et al., 2006; Konhauser et al., 2011)
which can also lead to the formation of magnetite
(Chaudhuri et al., 2001; Jiao et al., 2005; Dippon et al.,
2012) or green rust (Pantke et al., 2012).

Since some Fe(III)-reducers are able to metabolize
hydrocarbons, the input of hydrocarbons into soils has a
direct influence on microbial Fe(III) reduction and indirectly
(via Fe(II) formation) on microbial Fe(II) oxidation. Addi-
tionally, hydrocarbons, especially lipophilic ones, are toxic
for many microorganisms due to their interaction with
microbial membranes (Sikkema et al., 1995) and thus hydro-
carbon input into soils can also decrease microbial activity
including Fe-metabolizing microorganisms. Therefore,
hydrocarbon input may lead to changes in soil MS by chang-
ing Fe mineralogy including ferro(i)magnetic minerals. As a
consequence, similar to heavy metal contamination hydro-
carbon contamination may also be localized rapidly by
screening soil MS in the presumably contaminated area in
comparison to MS values at uncontaminated reference sites.

Only a few studies have tried to correlate the amount of
hydrocarbons in soils with soil MS (see references in
Schumacher, 1996). Guzman et al. (2011) and Aldana
et al. (2011), studied the magnetic signature of oil fields
from Venezuela and identified magnetite and Fe-sulfides
(e.g. greigite) as the main magnetic phases causing increased
MS values in oil wells. In two recent field studies, we also
observed increased MS values in hydrocarbon contami-
nated soils (Rijal et al., 2010, 2012). However, no detailed
studies exist that answer the key questions whether micro-
bial activity is involved in the changes of soil MS after
hydrocarbon input and how the changes in MS are influ-
enced by the geochemical conditions of the soil. Therefore,
we incubated soils from different field sites anoxically in
laboratory microcosm experiments, simulated hydrocarbon
contamination, and followed the change of soil MS over
time. The objectives of this study were (i) to determine
the importance of microbial processes for changes in MS
and (ii) to determine the influence of geochemical condi-
tions, including the amount of bioavailable organic carbon
and bioavailable Fe, on the extent and temporal develop-
ment of the changes in MS.

2. METHODS

2.1. Field sites, soil sampling and soil pre-treatment

Soil samples from six different field sites were collected.
The field sites were chosen due to their minimal anthropo-
genic influence especially regarding combustion pollution
that is known to release ferro(i)magnetic particles. The first
five sampling sites Holzgerlingen (HG), Waldenbuch
(Wabu), Fraeulinsberg (FB), Allemendwald (AW) (all four
grassland) and Schoenbuch (Sbu) (forest) are located in
Southwest Germany. At the grassland sites the top
�20 cm of soil was sampled including the sward, whereas
the forest soil Sbu was sampled without leaf litter. During
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a field study (Rijal et al., 2012), a sixth soil sample was col-
lected in the Haenigsen area (Northeast of Hanover, North-
ern Germany), a region where crude oil is leaking naturally
to the surface. For the microcosm experiments presented
here a sample was taken in this region from an uncontam-
inated surface soil of farmland (Hclean). Large organic par-
ticles (e.g. plant matter) were removed from the soils either
with tweezers (HG, Wabu, FB, AW, Hclean) or by pressing
the field moist soil through a 2 mm sieve (Sbu). Soils were
stored for up to four months in plastic bags at 4 �C in the
dark before use. Soil stored at 4 �C that did not receive
any amendments is named “original soil” in the following
text.

2.2. Experimental setup of microcosms

In order to determine the processes influencing soil MS
after addition of organic carbon, three microcosm experi-
ments with six soils and three different carbon amendments
(no carbon, lactate and acetate, and gasoline) were set up in
60 mL glass bottles under anoxic conditions (Table 1). Six
different soils were used to determine if the geochemistry
of soils had an influence on the rate or extent of MS change.
Setups without carbon amendment served as a negative
control to quantify the change of soil MS by the incubation
of the soil alone. Gasoline (95 octane) containing a diverse
mixture of aliphatic and aromatic hydrocarbons was added
as model compound representing a hydrocarbon contami-
nation arising from spills. Bottles with lactate/acetate addi-
tion served as control for setups containing easily
biodegradable organics.

In order to determine the impact of microbial activity
for the changes in soil MS, two sets of microcosms were
set up, one with sterile soil and one with non-sterile soil
with at least two replicates per setup. For setups with sterile
soil, the soil was autoclaved (121 �C, 25 min, 1 bar). All
solutions added to the soils were sterile and anoxic.

Either microbial growth medium (for composition see
Straub et al., 2005) or high-purity water (to determine if
the nutrients present in the medium had an influence on
the MS changes) was added to the autoclaved and non-
autoclaved soil (5–7 mL to 15–21 g of soil; see Table 1).
The medium was buffered at pH 7 with 20 mM sodium
bicarbonate. The headspace of the bottles was exchanged
with N2:CO2 (90:10) to obtain anoxic conditions. Micro-
cosms with three different carbon amendments were set
up: (i) no carbon source added, (ii) lactate/acetate (each
15 mmol/L; referring to the volume of added microbial
growth medium or water), and (iii) unleaded gasoline
(3.60 lL/g field moist soil) obtained from a gasoline station.
The lactate/acetate concentrations were chosen based on a
previous study that indicated stimulation of Fe(III)
reduction at these concentrations (Porsch et al., 2010). Bot-
tles were closed with viton stoppers. Microcosms were
homogenized directly after preparation and weekly thereaf-
ter by shaking for a few seconds on a vortexer. The micro-
cosms were incubated at 28 �C in the dark. MS was
measured weekly, until the MS was constant, then every
other week.
In order to examine whether carbon or Fe limitation was
responsible for cessation of changes in MS, selected micro-
cosms were used for two additional experiments (Table 1).
Since only two to four replicate bottles were available per
setup, different soils were chosen for these two experiments.
The importance of carbon limitation for the cessation of
changes in MS, was determined by adding lactate/acetate
(both 15 mmol/L, referring to the volume of added micro-
bial growth medium) again to the corresponding setups of
soils HG and Wabu (experiment I) after 14.5 weeks of incu-
bation. In order to determine if bioavailable Fe(III) limita-
tion led to cessation of changes in MS, microcosms with soil
Hclean containing medium and no additional carbon
(experiment II) were amended with ferrihydrite after
51 weeks of incubation. Soil Hclean was selected as this soil
had the lowest total Fe (Fetot) concentration as determined
by XRF (see below). Ferrihydrite was chosen since it is con-
sidered to be a source of bioavailable Fe(III) and magnetite
is one of the possible products of its reduction (Porsch
et al., 2010). 2 mL of a 0.5 M ferrihydrite suspension (syn-
thesized according to Raven et al., 1998) was added to half
of the parallel experiments in each setup. In order to follow
changes in Fe mineralogy during incubation in more detail,
sub-samples of sterile and microbial active microcosms
without carbon amendment and with lactate/acetate addi-
tion with soil Sbu were analyzed by Mössbauer and EX-
AFS spectroscopy (see below) (Table 1, experiment III).

After incubation, one microcosm from each setup and
experiment was opened under oxic conditions and sampled
immediately for the quantification of Fe(II) and Fetot in the
different Fe fractions (i.e., adsorbed plus Fe carbonates,
poorly crystalline Fe, and crystalline Fe) and for the analy-
sis of dissolved organic carbon, dissolved inorganic carbon,
and organic acids.

2.3. Analytical methods

2.3.1. Soil analysis

The water content of the original soils was determined by
drying the soil at 105 �C (Blume et al., 2000). The soil pH
was measured 24 h after addition of 0.01 M CaCl2 solution
(Blume et al., 2000). All soils were finely ground and dried at
105 �C prior to the following analyses: Total organic carbon
and total nitrogen was determined with a CN analyzer (Var-
io EL, Elementar, Germany) after carbonate removal with
1 M HCl. The CaCO3 content was quantified by mixing soil
with 1 M HCl and determining the consumed HCl by titra-
tion with 1 M NaOH. The total Fe and total sulfur content
of the soils was quantified by X-ray fluorescence analysis
(Bruker AXS S4 Pioneer X-ray spectrometer, Bruker AXS
GmbH, Germany). Fe extractions from two sub-samples
of the soil before and after incubation were performed
according to Moeslund et al. (1994) and Roden and Zachara
(1996) with a soil:extractant ratio (w:v) of 1:50. Prior to
extraction, microcosms with soils FB, AW and Sbu were
centrifuged (10 min, 2000 rpm) and the supernatant was re-
moved for dissolved carbon and organic acid analyses (see
below). The first sub-sample of soil was extracted with
Na-acetate (pH 5) for 24 h and the second sub-sample with



Table 1
Experimental setup of microcosm experiments. Three microcosm experiments (I–III) with six soils were set up. The microcosms consisted of
two sets: one with autoclaved (sterile setups) and one with non-autoclaved soil (microbially active setups). Either microbial growth medium or
high-purity water was added as liquid. Microcosms were either not amended with organic carbon or amended with lactate/acetate or with
gasoline.

Soil Microcosm
experiment/
replicates per
setup

Measuring time
(before + after
2nd C or
Fe addition)
[weeks]

Ratio Soil
[g]:Liquid
[mL]

Carbon source added to sets of sterile and microbially active microcosms

No carbon Lactate/acetate
(15 mM each)a

Gasoline
(3.6 lL/g field
moist soil)

Medium Water Medium Water Medium Water

HG I/2 11 + 10 15:5 x x, 2nd
Cb

x

Wabu I/2 11 + 10 15:5 x x, 2nd
Cb

x

FB II/4 46 15:7 x x x
AW II/4 46 15:7 x x x
Hclean II/4 46 + 73 15:7 x, Fec x x, Fec

Sbu III/4 48 21:7 x,
MB + EXAFSd

x,
MB + EXAFSd

x

a 15 mM final concentration in the microcosms referring to the volume of added liquid.
b After 14.5 weeks (MS values of microcosms were stable) lactate/acetate was added a second time.
c After 51 weeks (MS values of microcosms were stable) 2 mL of 0.5 M ferrihydrite suspension were added to two replicates per setup.
d Soil Fe mineralogy was analyzed after incubation by Mössbauer and EXAFS spectroscopy.
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0.5 M HCl for 1 h, both under oxic conditions at room tem-
perature on a shaker. For soil Sbu a third sub-sample was
extracted with 1 M HCl at 70 �C under oxic conditions in
a water bath for 24 h (Porsch and Kappler, 2011). From
all extracts 1.8 mL were centrifuged (15 min, 20,817g) to re-
move soil particles. Fe(II) and Fetot of the supernatant were
quantified by the ferrozine assay (Stookey, 1970) in microti-
ter plates as described by Hegler et al. (2008). The properties
of the original soils are given in Table 2.

2.3.2. Magnetic susceptibility measurements

Low-field MS of the microcosms was measured as de-
scribed in Porsch et al. (2010). In order to determine the
mass specific MS of the original soil samples, 5–10 sub-sam-
ples of each soil were packed in 10 cm3 plastic containers
and the results of the volume specific MS were divided by
the overall density of the contents of the container. The ex-
tent of MS change in soil microcosms was calculated as the
% difference between the initial MS value and the final MS
value which was calculated as average of the last four to five
measured MS data points during the plateau phase.

2.3.3. Dissolved carbon and organic acid analysis

Microcosm bottles with soils FB, AW and Sbu were cen-
trifuged (10 min, 2000 rpm) and the supernatants were frozen
and stored in sterile plastic cups at �28 �C until analysis of
dissolved organic and inorganic carbon, and organic acids.
For analysis, the supernatant was thawed and remaining soil
particles were removed either by centrifugation (soils FB and
AW, 10 min at 20,817g) or by centrifugation and filtration
(soil Sbu, centrifugation for 10 min at 5000g followed by fil-
tration with a 0.22 lm mixed cellulose ester filter). Dissolved
organic and inorganic carbon (DOC, DIC) contents were
determined using a carbon analyzer (high TOC, Elementar,
Germany). Organic acids (acetate, butyrate, formate, lactate,
and propionate) were quantified by HPLC using a diode
array detector (absorption at 210 nm) and a refractive index
detector. The acids were separated on a Bio-Rad Aminex
HPX-87H Ion Exclusion Column (300 � 7.8 mm) with two
pre-columns, a Bio-Rad Micro guard Cation H Cartridge
and a Dionex IonPac NG1 Guard column (2 � 50 mm).
5 mM H2SO4 was used as eluent (0.6 mL/min). The column
heater temperature was 60 �C.

2.3.4. Mineral analysis by Mössbauer and extended x-ray

absorption fine structure (EXAFS) spectroscopy

Initial attempts to separate magnetic mineral particles
from the soil by magnetic separation failed (data not
shown), probably due to their small size, coatings of the
magnetic particles with organics or associations with non-
magnetic mineral particles. Therefore, minerals were ana-
lyzed directly from soil samples.

Preparation of samples from microcosms for Mössbauer
spectroscopic analysis was done anoxically in a glovebox
(100% N2), whereas the original soil was prepared under
oxic conditions. Soil samples were sealed between two lay-
ers of Kapton tape. Mössbauer spectra were recorded at
room temperature for up to 19 days and analyzed as de-
scribed by Hohmann et al. (2010).

To prepare samples for EXAFS, microcosms of soil Sbu
were opened in a glovebox (100% N2) and a sub-sample of
the soil was dried at ambient temperature and finely ground
in an agate mortar. Ground samples were packed in Teflon
sample holders for XAS analyses and sealed with Kapton
tape to prevent oxidation. The structural environment of
Fe was determined using EXAFS spectroscopy at the Stan-
ford Synchrotron Radiation Lightsource (SSRL) on beam-
lines 11-2 (26-pole wiggler) and 4-1 (20 pole wiggler). The
storage ring was operated at 3.0 GeV and at currents be-
tween 60 and 100 mA. The Fe EXAFS analytical proce-
dures used here were similar to those described previously
by Borch et al. (2007). Energy selection was accomplished



Table 2
Selected properties of original soils used for microcosms experiments.

Soil properties HG Wabu FB AW Sbu Hclean

pHa 5.4c 7.1c 5.2 ± 0.0 3.6b ± 0.0 7.0 ± 0.0 4.8 ± 0.0
Water content [wt.%]b,d 32 ± 0 40 ± 0 23 ± 1 30 ± 1 48 ± 0 15 ± 1
CaCO3 [wt.%]a,d 4.7 ± 0.7 1.5 ± 0.0 1.2 ± 0.2 0.2 ± 0.2 12.0 ± 1.0 0.2 ± 0.2
TOC [wt.%]a,d 2.8 ± 0.0 4.1 ± 0.1 3.3 ± 0.2 4.6 ± 0.3 3.5 ± 0.1 2.0 ± 0.2
Ntotal [wt.%]a,d 0.3 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
Fetotal 0.5 M HCl [wt.%]b,d 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
Fetotal XRF [wt.%]a,d,e 3.8 ± 0.0 2.2 ± 0.0 2.1 ± 0.1 2.0 ± 0.0 2.6 ± 0.0 0.6 ± 0.0
Stotal XRF [ppm]a,d,e 778 ± 120 1083 ± 51 n.d.f n.d. 850 ± 2 n.d.

Mass specific magnetic susceptibility (MS) [10�8 m3/kg]b

MS Average 19.9 ± 1.4 17.3 ± 5.3 27.1 ± 0.6 45.5 ± 4.7 13.9 ± 1.3 11.6 ± 0.5
MS Minimum 17.7 13.5 26.4 39.7 12.3 11.0
MS Maximum 21.3 26.7 27.8 51.1 16.1 12.3

a Average of duplicates ± difference to the minimum and maximum.
b Average of three or more replicates ± standard deviation.
c single measurement.
d wt.% and ppm refers to 105 �C dried soil.
e XRF = X-ray fluorescence analysis.
f Not determined.
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with a Si (220) monochromator and spectra were recorded
by fluorescent X-ray production using a Lytle-detector. A
set of Fe reference compounds was used for linear combina-
tion k3-weightened EXAFS spectral fitting using the SIX-
PACK interface to IFEFIT (Webb, 2005). Linear
combinations of the reference compounds were optimized
and the only variable parameters were the fractions of each
reference compound (see Fig. EA1 of the Electronic Annex
for one example of linear combination fitting). Reference
compounds were chosen based on their likelihood of being
present in the soil or being a reaction product and were in-
cluded in the fit only if they contributed 5% or more. The
detection limit for minor constituents is approximately
5 mol.%. Mössbauer spectroscopy, with a detection limit
of approximately 5 wt.%, was used to constrain EXAFS
analysis as described earlier by Borch et al. (2007).

2.4. Quantification of Fe(III)-reducing microorganisms

Anaerobic Fe(III)-reducing microorganisms of the origi-
nal soil Sbu were quantified by the most probable number
(MPN) method as described in Emmerich et al. (2012) with
the following changes: the soil was diluted in 1:10 dilution
series with the microbial growth medium, the electron do-
nor mix contained 5 mM Na-acetate, 5 mM Na-lactate,
10 mM Na-formate, 2 mM Na-propionate and 2 mM Na-
butyrate, and the MPN plates were incubated for 18 weeks.

2.5. Statistical analysis

A one sample t-test was used for setups with gasoline
amendment and for setups without additional carbon for
which there were more than two replicates (Table 1) to
determine if the MS of each microbially active setup as well
as each sterile setup changed significantly over time. The
setups for which this test was conducted, as well as the data
used for the tests, are shown in Table EA1 of the Electronic
Annex. The Pearson correlation coefficient r for linear cor-
relations between MS dependent parameters (maximum ex-
tent of MS change, absolute value of the maximum extent
of MS change, time within stable MS values were reached
(Fig. 1)) and the soil properties (Table 2) was determined
for all microbially active microcosms of all six soils without
carbon amendment and with gasoline addition (Table EA2
of the Electronic Annex). The setup of soil AW without car-
bon amendment was excluded from these calculations due
to its extreme decrease in MS in comparison to the other
soils (Fig. 1). All tests and calculations were performed with
the software package PASW statistics 17.0 from SPSS Inc.
(Chicago, USA).

3. RESULTS

In order to determine the importance of microbial activ-
ity and geochemical conditions on the extent and temporal
development of changes in soil MS in presence and absence
of hydrocarbons, microcosms with six different soils and
three different treatments (no carbon addition, addition of
lactate/acetate or addition of gasoline) were set up
(Table 1).

3.1. Microbial processes involved in changes of soil MS

3.1.1. Changes in MS of sterile vs. microbially active soil

microcosms

The MS of microbially active soil microcosms with soils
Hclean, Sbu, FB and AW without additional carbon or
with gasoline amendment changed significantly during
incubation with the exception of microcosms with soil FB
amended with gasoline (Fig. 1, Table EA1 of the Electronic
Annex). In contrast, for five out of eight sterile microcosms
containing the same soils no significant changes in MS were
observed (Fig. 1, Table EA1 of the Electronic Annex). The
extent of MS change of the microbially active microcosms



Fig. 1. Changes of magnetic susceptibility (MS) over time of microbially active (MicAct) and sterile soil microcosms either without carbon
amendment (no C), amended with 15 mM lactate/acetate or amended with 3.6 lL gasoline/g field moist soil. Lactate/acetate was only added
to soils HG, Wabu and Sbu. High-purity water was added to microcosms with soil Sbu. Microbial growth medium was added to all other
microcosms. The MS values measured at each time point were normalized to the MS values measured directly after setting up the microcosms
(time t = 0). Solid horizontal lines indicate MS without any change over time. Note the different scales of the axes. Results are means of two
(n = 2, a and b) or four (n = 4, c–f) replicates, except those noted in the graphs. One replicate of sterile and microbially active setups of soil
Sbu without carbon amendment and with lactate/acetate were harvested in week 35 for EXAFS measurements. Bars bracket the range of
duplicates or indicate the standard deviation of three and four replicates.
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varied between 4.0 ± 0.4% (soil Wabu, no carbon added)
and 11.3 ± 3.2% (soil Sbu, no carbon added). In one partic-
ular microbially active setup (soil AW without any carbon
amendment), MS decreased by 60.3 ± 6.0%. On average
(excluding the very high change of >60% observed with soil
AW) the MS of all microbially active setups, including
those with lactate/acetate amendment, changed by
7.3 ± 2.4%. The change in MS of all sterile microcosms var-
ied between 0.6 ± 0.3% (soil FB, gasoline) and 2.4 ± 0.9%
(soil AW, gasoline) with an average change of 1.4 ± 0.6%.
Whether MS of the non-sterile microcosms increased or
decreased over time was dependent upon the soil used (but
not upon the carbon source) (Fig. 1). Microcosms with soils
HG, Wabu, Hclean and Sbu showed increases in MS,
whereas soils FB and AW showed decreases in MS. Fur-
thermore, the time needed until stable MS values were
reached also mainly depended on the soil and only to a
small extent on the added carbon source. Microcosms with
soil Wabu and carbon amendment reached stable MS val-
ues within two weeks, whereas microcosms with soil FB
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required around 30 weeks for stabilization. The reasons for
the different time span until MS stabilizes are probably re-
lated to specific properties of the different soils such as soil
composition, geochemistry, and microbial community
structure.

3.1.2. Cell numbers of Fe-metabolizing microorganisms in

soil Sbu

Differences of MS and Fe mineralogy (see Section 3.2.1.)
observed between sterile and microbially active microcosms
with soil Sbu suggest the activity of Fe(III)-reducing micro-
organisms. MPN quantification of Fe(III)-reducers in the
original soil Sbu yielded 2.1 � 105 cells/g dry soil (95% con-
fidence interval: 8.3 � 104–5.5 � 105 cells/g dry soil).

3.2. Geochemical parameters affecting changes in soil MS

3.2.1. Fe mineralogy changes in soil microcosms

In order to verify that MS changes in our microcosms
were caused by changes in soil Fe mineralogy, we extracted
three different Fe fractions from sterile and microbially ac-
tive soils after incubation. Fig. 2 shows the Fe extraction
data of microcosms with soil Sbu (Fig. 1d). The other soils
were analyzed as well and showed comparable results (data
not shown).

The amount of Fetot extractable with 1 M HCl at 70 �C
(crystalline Fe minerals) was similar for the original soil
Sbu and for soil Sbu incubated for approximately 1 year
in sterile and microbially active microcosms (Fig. 2b),
showing that the Fetot content was similar in all bottles.
The total amount of Fe extractable with Na-acetate (ad-
sorbed Fe and Fe carbonates) and 0.5 M HCl (poorly crys-
talline Fe minerals) was similar for the sterile and the
original soil indicating no major changes in mineralogy dur-
ing sterilization and incubation of the sterilized soil. In con-
trast, in the microbially active setups, especially those
without carbon amendment and those with lactate/acetate
addition, Fetot extracted by Na-acetate and 0.5 M HCl
was much higher (Fig. 2a) indicating changes in the differ-
ent Fe pools caused by microbial activity. Among all sterile
setups as well as among all microbially active setups, the
Fe(II):Fetot ratio of the 0.5 M HCl and 1 M HCl fraction,
Fig. 2. (a) Fetot extracted with Na-acetate, Fe(II) and Fetot extracted with
active (MicAct) microcosms with soil Sbu after 48 weeks of incubation wi
3.6 lL gasoline/g field moist soil (Gas). (b) Fe(II) and Fetot extracted with
means of triplicate measurements of one bottle per setup or of the origina
only in duplicates. Bars indicate the range of duplicates or the standard
respectively, was very similar, independent of the carbon
treatment. The percentage of total Fe present as Fe(II) as
determined in the 0.5 M HCl extract was 14.3% in the ori-
ginal soil, 57.5 ± 2.7% on average in the sterile setups, and
97.4 ± 2.4% on average in the microbially active setups. In
the 1 M HCl fraction, the percentage of total Fe present as
Fe(II) in the sterile setups (69.2 ± 8.2%) was similar to the
percentage in the original soil (69.7%), whereas in microbi-
ally active setups the Fe(II) content was approximately 20%
higher (90.1 ± 2.4%).

The Fe extraction data indicate a difference in soil Fe
mineralogy and Fe redox states in microbial active micro-
cosms in comparison to the sterile microcosms (Fig. 2). In
order to identify the Fe minerals that were (trans)formed
in the soils during incubation, we performed Mössbauer
and EXAFS spectroscopy analysis of the original soil Sbu
and of soil Sbu from sterile and microbially active micro-
cosms without carbon amendment, and with lactate/acetate
addition after several months of incubation. Confirming the
Fe extraction data, Mössbauer spectroscopy revealed that
the original soil Sbu and soil Sbu from the two sterile setups
contained more Fe(III) phases (82–92%, percentages refer
to the relative absorption of c-rays by Fetot) than the micro-
bially active setups without carbon amendment (71%) or
lactate/acetate addition (65%) (Table 3, Fig. 3). The main
fraction of Fe(III) in the original soil and all four setups
was a paramagnetic Fe(III) phase which might have been
ferrihydrite, nano-goethite, lepidocrocite, Fe(III) in clays
or Fe(III) associated with humic substances. Additionally,
hematite (<10%) was identified in the original soil and in
the microbially active setup with lactate/acetate (Fig. 3b).
The amount of Fe(II) phases detected by Mössbauer spec-
troscopy varied between 29% and 35% in the microbially
active setups, whereas it was between 12% and 19% in the
sterile setups and only 8% in the original soil. In the micro-
bially active setups, Fe(II) was present as siderite and an
associated Fe(II) phase represented in the spectrum by an
extra Fe(II) doublet occurring together with siderite
(Fig. 3b). A similar spectral feature was also detected when
siderite was chemically synthesized in our lab by mixing dis-
solved Fe2+ with an HCO3

- solution at pH 8 and 25 �C
(data not shown). Its identity is so far unknown, however,
0.5 M HCl from original soil Sbu and from sterile and microbially
thout additional carbon (No C), with 15 mM lactate/acetate or with

1 M HCl (70 �C) from the same soil samples as in (a). Results are
l soil, except for the original soil which was extracted with 1 M HCl
deviation of triplicates.



Table 3
Relative abundance and fitting data of different Fe phases determined by Mössbauer spectroscopy in the original soil Sbu and in soil Sbu from
sterile and microbially active (MicAct) microcosms without additional carbon or with 15 mM lactate/acetate after 9-23 months of incubation.
Fitting errors are given in parentheses.

Sample (incubation time [weeks]) Reduced v2 of
fit

Fe phases Abundancef

[%]
CSf [mm/s] QSf [mm/s] Hf [T]

Original soil 3.14 Paramagnetic Fe(III)a 83 (±0.3) 0.36 (<0.01) 0.64 (<0.01) –
Hematite 9 (±0.07) 0.37 * �0.20 * 51.3*

Fe(II) in silicatesb 8 (±0.4) 1.08 (±0.01) 2.73 (±0.02) –
Sterile microcosm, no carbon (99) 0.56 Paramagnetic Fe(III)a 82 (±2.1) 0.36 * 0.60 (±0.03) –

Fe(II) in silicatesb 12 (±1.5) 1.14 * 2.67 * –
Fe(II) in silicatesb 7 (±1.6) 1.10 * 1.94 * –

Sterile microcosm, lactate/acetate
(93)

0.88 Paramagnetic Fe(III)a 88 (±1.7) 0.35 * 0.65 * –
Unknown Fe(II) phase
1c

12 (±1.7) 1.31 (±0.07) 2.33 (±1.4) –

MicAct microcosm, no carbon
(62.5)

1.35 Paramagnetic Fe(III)a 71 (±1.2) 0.35 * 0.63 * –
Hematite n.d.e – – –
Unknown Fe(II) phase 2d 13 (±0.9) 1.21 * 2.49 * –
Siderite 16 (±0.9) 1.20 * 1.80 * –

MicAct microcosm, lactate/
acetate (40)

1.29 Paramagnetic Fe(III)a 59 (±0.73) 0.31 (±0.01) 0.65 (±0.02) –
Hematite 6 (±0.12) 0.38 * �0.20 * 51.2*

Unknown Fe(II) phase
2d

18 (±0.64) 1.21 * 2.49 * –

Siderite 17(±0.73) 1.23 * 1.80 * –

a Paramagnetic Fe(III) might be ferrihydrite, nano-goethite, lepidocrocite, Fe(III) in clays, Fe(III) associated with humic substances or a
mix of these.

b Silicates are probably phyllosilicates such as clays and micas. Differences in the modeling parameters indicate Fe(II) present either in
different silicates or in different sites of one silicate.

c Maybe a mixture of siderite and unknown Fe(II) phase 2.
d Unknown Fe(II) phase associated with siderite.
e Hematite could not be modeled, since the signal to noise ratio was too low.
f Abundance [%] = absorption of c-ray [%]. CS = center shift, QS = quadrupol splitting, H = hyperfine field.

* Model parameter fixed during fitting.

Fig. 3. Mössbauer spectra collected at room temperature of soil Sbu from (a) sterile and (b) microbially active microcosms with 15 mM
lactate/acetate amendment after 93 and 40 weeks of incubation, respectively. Fitting parameters are given in Table 3.
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based on the broadness of the signals, its crystallinity is sim-
ilar to that of siderite. In the original soil and in sterile soil
without carbon amendment, Fe(II) was present as ferrosili-
cates. The Fe(II) phase present in the sterile setup with lac-
tate/acetate is unknown.

EXAFS analyses of soil Sbu from microcosms con-
firmed the results of Fe extraction and Mössbauer spec-
troscopy and showed that the Fe composition of the
original soil was similar to the sterile setups regarding
all Fe-containing phases identified by EXAFS (data not
shown). Additionally, the EXAFS analyses showed that
in microbially active setups without carbon addition or
with lactate/acetate addition (Fig. EA1 of the Electronic
Annex), the fraction of the Fe(III) minerals goethite and
hematite decreased and the Fe(II)-bearing mineral siderite
was formed (Table 4). The amount of Fe present as
Fe(III) minerals in sterile setups decreased in microbially
active setups by around 10 mol.%, which is less than the
amount of Fe found as Fe(II) in siderite (14 mol.%) in
the microbially active setups. However, the main fraction
of Fe (71-74 mol.%) identified by EXAFS in sterile and
microbially active setups was present in augite- and fer-
ro-smectite-like minerals and likely in association with hu-
mic substances.



Table 4
Relative amounts of Fe phases (in % on a per mol basis) resulting from linear combination fits of k3-weighted EXAFS spectra (the data were
fit to k = 11a and the detection limit is approximately 5 mol.% Fe). The table gives the data for sterile and microbially active (MicAct)
microcosms of soil Sbu without carbon amendment (no C) and with addition of 15 mM lactate/acetate (lac/ac). Dashes indicate Fe phases
which were not detected due to their low concentration or absence. As an example, the linear combination fitting for the lactate/acetate-
amended, microbially active sample is displayed in Fig. EA1 of the Electronic Annex.

Sample Goethite
[mol.% Fe]

Hematite
[mol.% Fe]

Siderite
[mol.% Fe]

Augite
[mol.% Fe]

Ferro-Smectite
[mol.% Fe]

Fe-HSd

[mol.% Fe]
Reduced v2

of fit

Sterile, no Cb 20 5 – 28 15 31 0.026
Sterile, lac/acb 20 6 – 28 14 31 0.037
MicAct, no Cc 16 – 14 19 6 46 0.031
MicAct, lac/acb 15 – 14 38 - 33 0.021

a Data fit to k = 14 did not change the overall results.
b Measured at beamline 11-2 at the Stanford Synchrotron Radiation Lightsource.
c Measured at beamline 4-1 at the Stanford Synchrotron Radiation Lightsource 4 months later than samples labeled with (b).
d Fe associated with humic substances (HS).
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3.2.2. Mobilization of organic carbon from soils

The MS of most microbially active setups without car-
bon amendment changed to a similar or even larger extent
than that of setups with carbon amendment (Fig. 1). Since
microcosms of soils AW, FB and Hclean amended with
growth medium showed a similar change in MS compared
to microcosms of the same soils amended only with water
(Fig. EA2 of the Electronic Annex), we believe that neither
carbon amendment nor the trace metals and vitamins in the
medium were the key parameters causing MS changes. In-
stead, this suggests that the addition of liquid – independent
of whether it was pure water or medium – mobilized organ-
ic carbon (natural organic matter) from the soil that drove
metabolic processes and MS changes in all microbially ac-
tive setups. In order to determine which dissolved carbon
sources were available in the microcosms, the concentra-
tions of organic acids (lactate, formate, acetate, and propi-
onate) and dissolved inorganic (DIC) and organic (DOC)
carbon in the liquid phase of microcosms with soil Sbu after
48 weeks of incubation were quantified (Fig. 4). The con-
centrations of the four different organic acids were similar
in all sterile setups of soil Sbu, except in setups amended
with lactate/acetate which resulted in higher lactate and
acetate concentrations (Fig. 4a). In contrast, no organic
acids besides small amounts of lactate (<2.5 mM) were de-
tected in the microbially active setups of soil Sbu without
carbon amendment, and in the setups with lactate/acetate
addition. In the microbially active setups with gasoline,
the lactate and formate concentrations were also low
(<1.2 mM) but the acetate (37.4 mM) and propionate
(8.2 mM) concentrations were higher than in all other ster-
ile and microbially active setups.

The DIC in all sterile microcosms of soil Sbu was
<0.1 g/L whereas in microbially active ones the DIC was
higher (0.1–0.4 g/L) indicating microbial mineralization of
organic carbon (Fig. 4b). The DOC in sterile setups without
carbon addition and with gasoline was similar (�2 g/L)
indicating the low solubility of the gasoline hydrocarbons,
whereas in the sterile setup with lactate/acetate the DOC
was 0.6 g/L higher than in setups without carbon addition.
The DOC content in microbially active setups without car-
bon amendment and in setups with lactate/acetate addition
was lower (both 0.3 g/L) than in setups amended with gas-
oline (1.9 g/L).

3.2.3. Influence of organic carbon and Fe bioavailability on

changes in MS of soil microcosms

All microbially active soil microcosms with and without
carbon addition reached stable MS values after a few weeks
to several months (Fig. 1). This suggests that the soils
reached a stable state and no further Fe mineral transfor-
mation occurred after that time. In order to determine
whether the amount of bioavailable organic carbon was
limiting the mineral transformation, we added lactate and
acetate a second time to the respective setups of soils HG
and Wabu (Table 1). Lactate and acetate were chosen, since
the first addition of these compounds led to a similar or
even higher change in MS than the addition of gasoline
(Fig. 1). The carbon sources were added after 14.5 weeks
of incubation at which time the MS values had stabilized
(Fig. 1). In the following 10 weeks, the MS values of both
the sterile and microbially active setups changed in all but
one setup by less than 2.0% (data not shown), indicating
that the amount of bioavailable carbon was probably not
a primary limiting factor for ferro(i)magnetic mineral
transformation.

In order to determine if bioavailable Fe(III) limitation in
the soils led to cessation of changes in MS, ferrihydrite was
added to microcosms with soil Hclean after 51 weeks of
incubation when MS did not show further change (Table 1,
Fig. 1). Ferrihydrite addition to soil Hclean led to an imme-
diate increase in MS of 10.6–20.1% when measured directly
after its addition (Fig. 5). In the following 73 weeks, MS in
microbially active microcosms further increased by
5.4 ± 3.4% (no carbon addition) and 13.4 ± 1.6% (gasoline
addition), respectively. From these MS values we can esti-
mate that about 1% and 2% of the ferrihydrite has been
converted into magnetite (calculation not shown). In the
corresponding sterile setups the increase within the
73 weeks was only minor (2.4 ± 1.2% and 0.8 ± 0.0%).

3.2.4. Influences of soil properties on soil MS changes

In order to determine if soil properties had an influence
on changes in MS, linear correlation analyses between the



Fig. 4. (a) Concentration of short chain fatty acids lactate, formate, acetate and propionate and (b) dissolved inorganic (DIC) and dissolved
organic carbon (DOC) in the water in soil Sbu microcosms after 48 weeks of incubation. Shown are data from sterile and microbially active
(MicAct) microcosms without carbon addition (no C), with 15 mM lactate/acetate or with 3.6 lL gasoline/g field moist soil. Results are means
of duplicate measurements of one bottle per setup. Propionate was measured only once. Bars bracket the range of duplicates.

Fig. 5. Changes in magnetic susceptibility (MS) of sterile and
microbially active (MicAct) microcosms with soil Hclean without
carbon addition (No C) or with gasoline addition (Gas, 3.6 lL/g
field moist soil) within 46 weeks of incubation (h, Fig. 1c). After
51 weeks 2 mL of a 0.5 M ferrihydrite suspension (Fh) was added
to the microcosms leading to an immediate increase in MS ( ) and
to a slower MS increase in the following 73 weeks of incubation
(j). All values are given in % relative to the MS values measured
directly after setting up the microcosms. Results are means of
duplicates, except those marked in the figure (n = 1). Bars bracket
the range of duplicates.
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MS dependent parameters of the microcosms (extent of
MS change, absolute value of the extent of MS change,
time required to reach stable MS values, Fig. 1) and the
soil properties (Table 2) were performed. Since significant
changes in MS occurred mainly in microbially active
microcosms (Table EA1 of the Electronic Annex), only
these setups were used for the analysis. Furthermore, only
setups without carbon amendment and with gasoline addi-
tion were considered, since lactate/acetate was added to
only three soils. As the MS of microbially active soil
AW without carbon amendment decreased by >60% in
contrast to the other microbially active microcosms (aver-
age MS change 7.3 ± 2.4%, Fig. 1), this setup was consid-
ered an exception and was also excluded from the
calculations.

The MS dependent parameters of the microcosms were
not linearly correlated with most of the soil parameters
tested (Table EA2 of the Electronic Annex). There may
be several reasons for the lack of a strong correlation.
Either the correlation between the parameters was not lin-
ear, the relevant soil parameters were not tested, or the
sample number (five to six) was too small to observe
any correlation. However, our analysis revealed a signifi-
cant positive correlation between the absolute value of
the extent of MS change and the Fetot extractable with
0.5 M HCl for the microbially active microcosms without
carbon amendment (Pearson correlation coefficient 0.959,
2-tailed significance 0.010) (Table EA2 of the Electronic
Annex). The Fetot fraction extractable with 0.5 M HCl is
considered to be the “bioavailable” Fe fraction. Hence,
the results suggest that the higher the concentration of
the bioavailable Fe fraction in a soil is, the higher the
change in MS. For microbially active microcosms
amended with gasoline, a linear correlation was neither
observed between the absolute value of the extent of MS
change and the Fetot extractable with 0.5 M HCl nor be-
tween the extent of MS change (including positive and
negative MS values) and the Fetot extractable with 0.5 M
HCl. However, a significant negative linear correlation
between the extent of MS change and the initial mass spe-
cific MS of the soil was found (Pearson correlation
coefficient �0.957, 2-tailed significance 0.003)
(Table EA2 of the Electronic Annex). This suggests, that
in soils with a low MS, ferro(i)magnetic minerals are
formed, whereas in soils with a relatively high MS,
ferro(i)magnetic minerals are transformed.

4. DISCUSSION

Magnetic susceptibility measurements of microcosms
with six different sterile and microbially active soils showed
that during anoxic incubation of the soils microbially med-
iated processes were predominantly responsible for changes
in the MS. Furthermore, the results indicated that besides
microbial activity the bioavailable Fe and organic carbon
content as well as the initial mass specific MS were the main
factors controlling the changes in MS of the soil micro-
cosms. In the following sections, we therefore first discuss
how microorganisms potentially have been involved in the
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(trans)formation of magnetite, a ferro(i)magnetic mineral,
and of non-ferro(i)magnetic Fe-containing minerals in the
microcosms. Secondly, we describe how the mobilization
of bioavailable soil organic carbon or the addition of bio-
available carbon (e.g. gasoline) may have influenced the
changes of soil MS in the microcosms indirectly by influenc-
ing the Fe(III)-reducing microorganisms.

4.1. Microbial (trans)formation of Fe-containing soil

minerals

4.1.1. (Trans)formation of ferro(i)magnetic minerals

The increase and decrease in MS of the soil microcosms
(Fig. 1) indicated the formation and transformation of
ferro(i)magnetic minerals. Statistical analysis suggested that
in microcosms without additional carbon amendment the
extent of the increase or decrease in MS depended on
the amount of bioavailable Fe in the soil (Table EA2 of
the Electronic Annex). This hypothesis is supported
by the experiment in which ferrihydrite was added as an
easily reducible and thus as bioavailable Fe(III) source to
microcosms after they had reached stable MS values
(Fig. 5). The ferrihydrite addition to the microbially active
microcosms led to further changes in the MS over time,
indicating that either the ferrihydrite served as precipitation
site for magnetite by a reaction of the ferrihydrite with Fe2+

present in the soil and/or that the ferrihydrite itself was
reduced. For microbially active microcosms amended with
gasoline, the statistical analysis (Table EA2 of the
Electronic Annex) suggested, that in soils with a low
mass specific MS, ferro(i)magnetic minerals are formed,
whereas in soils with a relatively high mass specific MS,
ferro(i)magnetic minerals are transformed.

The most important ferro(i)magnetic minerals in soils
are the mixed-valent Fe mineral magnetite (Fe3O4) and
the Fe(III) oxide maghemite (c-Fe2O3) (Mullins, 1977).
In sulfur-rich environments also the ferro(i)magnetic min-
erals greigite (Fe3S4) and pyrrhotite (Fe7S8) may form
(Farina et al., 1990; Stanjek et al., 1994). Since the total
sulfur content of the soils was low (<1100 ppm in compar-
ison to 6000–38,000 ppm Fetot, Table 2) and since both
EXAFS and Mössbauer spectroscopy did not provide evi-
dence for the presence of Fe-sulfide minerals, (trans)for-
mation of greigite or pyrrhotite did probably not
contribute considerably to the change of MS of the soil
microcosms.

Microbially controlled formation of magnetite and gre-
igite inside cells is known from magnetotactic bacteria
(Blakemore, 1975). Since other studies showed that the cell
numbers of magnetotactic bacteria in soils were too low to
contribute significantly to the soil magnetic properties
(Fassbinder et al., 1990; Dearing et al., 1996), we assume
that their contribution to the changes in MS of our micro-
cosms was also minor.

In contrast, ferro(i)magnetic Fe minerals can be pro-
duced in large amounts extracellularly by secondary min-
eral formation during microbial Fe(III) reduction under
anoxic conditions. Magnetite formation was observed, for
example, during microbial reduction of ferrihydrite (Lovley
et al., 1987) and hematite (Behrends and Van Cappellen,
2007). Ferrihydrite, hematite and goethite are common Fe
minerals in soils (Cornell and Schwertmann, 2003) and we
identified these Fe(III) phases by Mössbauer spectroscopy
and/or EXAFS measurements in the original soil Sbu (no
amendments, stored at 4 �C) that also contained Fe(III)-
reducing bacteria (see Section 3.1.2.). However, although
MS measurements of microbially active soil Sbu indicated
an increase in ferro(i)magnetic minerals (e.g. magnetite,
Fig. 1d), such minerals were neither detected by Mössbauer
spectroscopy nor by EXAFS, probably due to their low
content in the soil. For identification and quantification
of a certain Fe mineral in soils by Mössbauer spectroscopy
or EXAFS, the Fe present in this respective Fe mineral
must represent at least 5–10 wt.% of the total Fe content
in the sample. In contrast, MS measurements are more sen-
sitive. An increase in the initial soil Fe content of soil FB by
addition of magnetite by less than 3 wt.% (corresponding to
less than 0.1 wt.% magnetite in the soil) led to an increase in
the soil MS by more than 100% (Fig. EA3 of the Electronic
Annex).

In contrast to setups with soils HG, Wabu, Hclean and
Sbu where MS increased over time, a decline of the MS
over time was observed in setups with soils FB and AW
indicating a microbially mediated decrease in the
ferro(i)magnetic mineral content, e.g. magnetite, in the
soils. Magnetite can serve also as electron acceptor for
Fe(III)-reducing microorganisms (Kostka and Nealson,
1995; Brown et al., 1997) and microbial Fe(III) reduction
could potentially have led to the transformation of
ferro(i)magnetic minerals in our anoxic microcosms.

4.1.2. (Trans)formation of non-ferro(i)magnetic Fe-

containing minerals

Besides magnetite, non-ferro(i)magnetic Fe minerals can
form during microbial Fe(III) reduction. Depending on
geochemical conditions such as the presence of anions, min-
eral nucleation sites and humic substances and depending
on the Fe(III) reduction rates, the formation of dissolved
Fe2+, goethite, green rust, vivianite, or siderite has been
reported (for reviews see Konhauser, 1998; Fortin and
Langley, 2005). Mössbauer and EXAFS spectroscopy
revealed that microbially active soil Sbu contained more
siderite than the sterile and the original soil Sbu. The car-
bonate necessary for the siderite formation might originate
from the soil Sbu itself (it showed the highest carbonate
content of all soils, Table 2) or from microbial degradation
of organic matter. Microbial CO2 production was indicated
by a higher DIC content in microbially active soil Sbu in
comparison to the sterile soil (Fig. 4b).

Both Mössbauer and EXAFS spectroscopy of soil Sbu
microcosms revealed that part of the Fe was also present
in silicates, augite-like and ferro-smectite-like phases and
in association with humic substances (Tables 3 and 4).
These Fe phases are typical soil constituents (Cornell and
Schwertmann, 2003) and are also non-ferro(i)magnetic.
Fe-containing minerals which are non-ferro(i)magnetic
have only a small positive MS. However, when the concen-
tration of ferro(i)magnetic minerals in a soil is low, these
minerals can contribute considerably to the soil MS
(Mullins, 1977).
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4.2. Influences of organic carbon sources on microbially

induced soil MS changes

4.2.1. Mobilized soil organic carbon as substrate for

microorganisms

Analysis of the water and microbial growth medium
added to soil Sbu revealed that organic compounds
including organic acids were mobilized from the soil
matrix (Fig. 4). DOC represents an important source of
bioavailable carbon in soils (Marschner and Kalbitz,
2003). The mobilized natural organic matter was partly
consumed in microbially active microcosms leading to a
change in soil MS comparable to setups amended with a
carbon source (Fig. 1). The fact that the microbial
(trans)formation of ferro(i)magnetic minerals was not
limited by the availability of organic carbon was
supported by the experiment in which a second amend-
ment of lactate/acetate to microcosms with soils HG and
Wabu did not lead to a further change in MS (data not
shown).

4.2.2. Gasoline as organic carbon source

In all microbially active microcosms, the addition of gas-
oline led to changes in MS within the first five weeks
(Fig. 1), indicating that gasoline was not toxic for all soil
microorganisms and that at least some of them remained
active and caused changes in MS. Previous studies showed
that microbial communities in uncontaminated soils could
adapt to added hydrocarbons such as crude oil and gasoline
and were able to partly degrade them (Bundy et al., 2002;
Hamamura et al., 2006). The microbial degradation of
hydrocarbons can be directly coupled to the reduction of
Fe(III) (Lovley et al., 1989; Lovley and Anderson, 2000).
Additionally, nitrate-reducers, sulfate-reducers and metha-
nogens are able to degrade hydrocarbons under anoxic con-
ditions (Grbić-Galić and Vogel, 1987; Kuhn et al., 1988;
Rueter et al., 1994) and the metabolic products (e.g. sulfide
or nitrite) can react abiotically with Fe(III) and Fe(II) and
thus influence the soil Fe mineralogy (Moraghan and
Buresh, 1977; dos Santos Afonso and Stumm, 1992;
Klueglein and Kappler, 2013).

The changes in MS and the formation of acetate and
propionate in the microbially active setup of soil Sbu
amended with gasoline suggest that the microorganisms
were indeed active and have degraded at least part of
the added gasoline (Cozzarelli et al., 1994). However,
the smaller changes in MS (Fig. 1) and the lower content
of 0.5 M extractable Fe(II) (Fig. 2a) compared to micro-
bially active setups of soil Sbu without carbon addition
indicate that the transformation of Fe minerals in soil
Sbu was less pronounced in the presence of gasoline than
without gasoline. This suggests that gasoline had an
inhibiting effect on the microbial (trans)formation of
ferro(i)magnetic minerals in this soil. Nevertheless, in
some soils the change in MS was similar (HG, FB) or
even larger (Wabu, Hclean) in setups with gasoline than
without carbon amendment (Fig. 1). These results suggest
that the microorganisms were well adapted to the
presence of hydrocarbons.
5. CONCLUSIONS

The motivation for our study was the idea that soil mag-
netic susceptibility measurements as a fast screening of soil
magnetic properties can be used to localize hydrocarbon
contamination in the field. However, this study suggests
that hydrocarbon addition is not the only factor driving
changes in soil MS. The major findings of the present soil
microcosm study were that (i) changes in soil MS were
mainly microbially mediated, (ii) the MS of the soils started
to change within the first few weeks of incubation, (iii) the
extent of the MS change depended on the bioavailable Fe
content of the soils, (iv) the MS value of the original soils
determined whether the MS increased or decreased during
incubation, and (v) mobilization of natural organic matter
from the soil by addition of water also led to a change in
MS similar to setups with hydrocarbon contamination.
Although the changes in MS were only around 4–11% for
most soil microcosms, the high sensitivity of MS analysis al-
lowed their detection with high accuracy. In contrast,
Mössbauer and EXAFS spectroscopy analysis are less sen-
sitive to small changes in soil ferro(i)magnetic mineral con-
tent and are more time and labor intensive.
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