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Abstract
Fungal alteration of organically coated sand particles, sampled in Eocene sediments in the
open cast mining Profen, near Leipzig (Germany) was studied. The organic coatings formed
non-continuous layers on quartz grains, measuring few micrometers up to 30

µ

m in thick-

ness. Such sand particles eciently retain dissolved metals by adsorption from groundwaters.
They consequently can be used as adsorbent to purify low heavy metal contaminated water.
However, their stability in the oxic environment and, more specically, in the presence of
microorganisms has not yet been assessed. Their stability is important in order to evaluate
whether coated sand grains can act as a reliable tool for remediation processes. In order to
address this question fungal alteration of organic coatings on sand grains was characterized
using analytical techniques including scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Quartz grains are non-continuously covered with organic
matter, that contains inclusions of silicates, suldes, and oxides. Sedimentation in a shallow marine environment is indicated by heavy mineral assemblages, sedimentary structures,
and bioturbation. Organic coatings might be precipitated on sand grains postdepositionally from descending pore waters rich in organic matter. Sand grains coated with organic
material were incubated on agar medium with and without Schizophyllum commune to
estimate topographical and chemical changes.

Formation of microbially mediated miner-

als and etch pits is induced by fungal colonization as shown by SEM. Surface topography
analysis was performed with vertical scanning interferometry (VSI). Etch pit depth ranges
from 0.5 to 1

µ

m and is limited to the organic coating; dissolution of quartz grains was not

detected. Near-edge X-ray absorption ne structure (NEXAFS) spectra at the C K-edge,
N K-edge, and O K-edge were measured to characterize the dierent organic compartments
(fungi, genuine organic coatings, altered organic coatings) down to the 25 nm scale with
the use of scanning transmission X-ray microscopy (STXM). A relative decrease in aromatic
and phenolic groups and a relative enrichment in amide-rich molecules were observed in the
spectra measured at the C K-edge on the altered organic coatings compared to the genuine
organic coatings. Ketone and aldehyde functional groups were degraded to carboxylic acids,
esters, and amides. The results suggest heterogeneous degradation of organic coatings on
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sand grains inuenced by fungal colonization. The sorption capacity of coated sand grains
towards Cu was investigated in batch experiments. In the presence of the white-rot fungus,
a slight decrease was obtained.

Despite this, coated sand grains eectively removed Cu

from solution irrespective of the inuence from the fungus. Their microbial degradation is
presumably the reason for a decreased potential for heavy metal retention because phenolic
groups are important in metal binding. The additional sorption capacity of fungal biomass
may increase the heavy metal retention. Nevertheless, application of organically coated sand
grains for remediation purposes will have to take destabilization into account. In short, the
white-rot fungus S. commune alters coated sand grains morphologically and chemically. It
slightly decreases their ability for heavy metal retention. It can be concluded that long-term
exposure to oxidative and fungal degradation may decrease the reliability of coated sand
grains in remediation processes.

IV

Deutsche Zusammenfassung
Huminsande sind Adsorbenten gegenüber Schwermetallen, weshalb sie für die Reinigung gering kontaminierter Wässer mittels Durchuss geeignet wären. Diese Sande wurden bisher
jedoch nicht auf ihre Stabilität gegenüber Oxidations- oder mikrobiellen Abbauprozessen
untersucht. Die Doktorarbeit begutachtet ihre mögliche Zuverlässigkeit als Schwermetallbarrieren im Rahmen der Remediation. Die Auswirkungen von dem Weiÿfäulepilz Schizophyllum commune auf Huminsande sowie deren Rückhaltevermögen gegenüber Schwermetallen wurden mit Hilfe von Methoden wie fokussierter Ionenstrahl, Rasterelektronenmikroskopie (SEM), Transmissionselektronenmikroskopie, Röntgenuoreszenzanalyse, FourierTransform-Infrarotspektroskopie und Batchversuchen überprüft. Die grundlegende Charakterisierung der Huminsande zeigte, dass die Quarzkörner im Flachmarinen abgelagert und
ihre Oberächen intrasedimentär korrodiert wurden.

Mit deszendenten, organikreichen

Grundwässern wurde organische partikuläre Substanz der morigen Fazies transportiert und
innerhalb bevorzugter Flieÿwege um Sandkörner angelagert.

Die Minerale wie Schichtsi-

likate, Pyrite und Schwerminerale, liegen eingebettet in organische Kutinierungen adhäsiv
gebunden vor. Aufgrund ihrer Lagerung im Aquifer werden postsedimentäre Lösungs- und
Repräzipitationsprozesse erwartet.
Auf Huminsanden, die mit S. commune inkubiert wurden, wurden mit Hilfe von SEM und
Weiÿlichtinterferometrie mikrobiell vermittelte Minerale und Ätzgruben nachgewiesen. Abiotisch behandelte Proben zeigten keine Alterationserscheinungen. Das Auftreten von Ätzgruben mit einer Tiefe von 0.5 - 1

µ

m beschränkte sich auf organische Kutinierungen,

wohingegen Quarzoberächen unversehrt blieben. Rastertransmissionsröntgenmikroskopische Untersuchungen (STXM) im 25 nm-Bereich lieferten den Nachweis für quantitative
Unterschiede zwischen Ursprungsorganik, alterierter Organik und dem Pilz, welche vermutlich durch die Exudation von oberächenaktiven Substanzen hervorgerufen wurden.

Die

alterierte organische Substanz weist weniger aromatische und phenolische Gruppen, sowie
Ketone und Aldehyde auf, hingegen wurden Amid-, Carboxylsäure- und Estergruppen angereichert. Batchversuche zeigten, dass sich die Pilzbesiedelung von Huminsanden negativ
auf ihre Retentionsfähigkeit gegenüber Schwermetallen auswirkt. Nichtsdestotrotz erreichte
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ihre Sorptionsfähigkeit in Anwesenheit des Pilzes nach 3 Tagen annähernd gleiche Werte im
Vergleich zu abiotischen Ansätzen. Zusammenfassend lässt sich sagen, dass Huminsande
durch S. commune morphologisch und chemisch alteriert werden, wobei ihre Rückhaltefähigkeit gegenüber Schwermetallen geringfügig verschlechtert wird. Durch ihre Fähigkeit
Schwermetalle zu binden, vermindert die Pilzbiomasse vermutlich den negativen Einuss
auf das Netto-Retentionspotential von Huminsanden.

Es lässt sich schlussfolgern, dass

die Zuverlässigkeit von Huminsanden beim Einsatz in der Remediation durch oxidative und
mikrobielle Zersetzungsprozesse vermutlich verringert wird.
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1 Introduction
1.1 Organically coated sand grains
Humate (Swanson and Palacas, 1965), coastal sandrock (Ward et al., 1979), humatecemented sand (Pye, 1982), hardpan (Farmer et al., 1983), coee rock (Cox et al., 2000),
humicrete (Cox et al., 2002), indurated sand (Brooke et al., 2008) and Huminsand (Roselt
et al., 2004) are terms describing sediments with similiar properties to organically coated
sand grains. Swanson and Palacas (1965) described humate as sediment with humic substances of coal-like composition and appearance, whereas Cox et al. (2002) and Brooke
et al. (2008) referred to sedimentary beds enriched in organic matter (OM), formed in shallow coastal aquifers and created by locally perched water-tables. The sediments occur in
northwest Florida (Swanson and Palacas, 1965; Pye, 1982), in Alaska (Cox et al., 2000), in
Queensland, Australia (Cox et al., 2002; Brooke et al., 2008) and in Germany. The German
occurrence are reported from the central German mining area (Standke, 2002; Junge, 2007),
in the Lausitzer area, in Fläming-Nudersdorf and in Allertalgraben-Weferlingen (Roselt et al.,
2004).

The sediments have previously been studied concerning their evolution, composi-

tion, and hydrogeology. Weise et al. (1989) discussed synsedimentary deposition, epigenetic
migration, and postsedimentary deposition of OM as grain coatings. The majority of publications assume postsedimentary deposition of the OM in the sand. Pye (1982) reported
vertical and lateral migration of OM through the groundwater, whereas Junge (2007) assumed ascending and descending waters of overlying fens or underlying coals as a likely
origin of OM. Soluble and colloidally dispersed organic substances might be transported
to the subsurface, where occulation or precipitation might occur (Swanson and Palacas,
1965). Pye (1982) assumed inlling of pore space and reducing of permeability by repeated
ooding and drying, which might cause cementation of the sand by organic matter. Alternating wet and dry conditions might have been necessary for the formation of organically
coated sand.

Subtropical or tropical climate was expected to prevail (Cox et al., 2000).

Humic material dried during periods of low water tables (Pye, 1982). It precipitated and
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occulated in surface depressions and in sediment pore space (Cox et al., 2002). Chemical
mechanisms responsible for the deposition of OM were discussed by Swanson and Palacas
(1965):





Decrease in pH leading to hydrolysis of organic matter,
Adsorption of dissolved cations, and
Complexation with clay colloids.

The chemical evolution of organic grain coatings in time can be described as follows: During the fen formation, polysaccharides, cellulose, hemicellulose and lignin were microbially
degraded to polycyclic aromatic hydrocarbons. Decrease in methyl and methoxyl functional
groups as well as polymerization and condensation formed humic substances during the subsidence. Decrease in oxygen functional groups and increase in carbon and hydrogen were
caused during the diagenesis and the amount of aromatic groups increased.

Catagenesis

caused further increase in carbon and decrease in oxygen and functional groups. The sediment was not inuenced by metagenesis. Diagenetic reactions transformed aromatic and
lipidic components into amphiphilic molecules (Wershaw, 1999). Amphiphiles are composed
of non-polar, hydrophobic parts with relatively unaltered segments of plant polymers and
the polar, hydrophilic parts of carboxylic acid groups.

These amphiphilic molecules form

membrane-like aggregates on mineral surfaces. The exterior surfaces of these aggregates
are hydrophilic, and the interiors constitute separate hydrophobic liquid-like phases (Wershaw, 1999). Consequently, organically coated sand grains were investigated for their water
repellency (Dorr et al., 2000). Dorr et al. (2000) divided compounds from water-repellent
soils into two main groups. Aliphatic hydrocarbons consist of hydrogen and carbon. Carbon
atoms are arranged in an elongated chain. They are non-polar and are consequently almost
insoluble in water. The second group represents polar substances of amphiphilic structure,
comprising a hydrocarbon chain with one end having a functional group with a positive
or negative charge.

This end is hydrophilic, whereas the other is hydrophobic.

Despite

being generally water soluble, amphiphilic molecules can be highly eective at producing a
hydrophobic coating, provided their polar ends are bonded to a surface. Both groups are
thought to cause water repellency, but the polar molecules appear to be the main constituent
of the hydrophobic coating on water-repellent sand grains (Dorr et al., 2000).
Swanson and Palacas (1965), Weise et al. (1989) and Roselt et al. (2004) mentioned the
suitability of organically coated sand grains for metal sorption and therefore adsorptive
purication of low contaminated waters.
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the ability to enhance the degradation of persistent carbon sources by exoenzymes (Wengel
et al., 2006). Surface colonization causes degradation and the enhancement of the reactive
surface area (Davis and Luttge, 2005). Microorganism mediate etching on surfaces is due to
direct cellular attachment or chemical interaction and provokes modied microtopography
(Ehrlich, 1998; Gadd, 2007).

These microtopographic features are high-energy sites and

enhance additional microbial attachment. Therefore, they are favored for microbial etching
or the formation of etch pits (Davis and Luttge, 2005; Buss et al., 2007; Gadd, 2007). The
tendency to grow along cracks and junctions is well-known, but it is unclear whether hyphae
grow into pre-existing ssures or actively penetrate the minerals (Adeyemi and Gadd, 2005).
Especially fungi with polar, lamentous growth can lead to processing along cavities causing
mechanic deterioration (Bogomolova et al., 2003; Burford et al., 2003).
In addition to degradation, neogenesis of minerals including the formation of secondary
precipitates is caused by fungi (Gadd, 1999). Also transformation of minerals takes place
in the presence of microorganisms (Gadd, 1993b; Sayer et al., 1995; White et al., 1997;
Ehrlich, 1998).

Biomediated mineralization has been discussed extensively and dierent

classications have been made: Lowenstam (1981) distinguished between organic matrix
mediated mineralization and biologically induced mineralization.

Bazylinski et al. (2007)

Gadd (2009b) and Gadd (2010) grouped microbially mediated mineralization in biologically
induced or biologically controlled mineralization. The term organomineralization was introduced in contrast to biomineralization to characterize mineral formation that is induced by
organic compounds independent from living organisms (Allemand and Cuif, 1995). Later the
denition of mineral formation induced or controlled by microorganisms has been disputed
by Perry et al. (2007), Altermann et al. (2009), Perry and Sephton (2009) and Defarge et al.
(2009). Dupraz et al. (2009) summarized denitions of biominerals and organominerals and
had classied them into three categories:
1. Biologically controlled mineralization. It refers to processes directed by cellular activity.
Nucleation, growth, morphology and nal location causes growth of a mineral. One
example of biologically controlled mineralization is the formation of an external or
internal skeleton.
2. Biologically induced mineralization. It can also be termed active precipitation due to
the requirement of metabolic activities which induce conditions suitable for mineral
precipitation such as stromatolites.
3. Biologically inuenced mineralization. It is dened as passive precipitation of an organic matrix. Conditions suitable for mineral precipitation are predominantly environmental-
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driven, rather caused by microbial activity. Living organisms are not required for biologically inuenced mineralization even though the OM inuences the morphology
and composition of precipitates (Dupraz et al., 2009).
In the following, the term microbially mediated mineralization will be used.

The term is

found in Pardue et al. (1988) and Benzerara et al. (2005b) and it includes biologically induced and biologically inuenced mineralization.

Microbially mediated mineral formation

was generally attributed to the capacity of microorganisms to change their microenvironment resulting in conditions suitable for mineral precipitation (Gadd, 1993b; Hirsch et al.,
1995; Burford et al., 2003). The microbially mediated mineralization may arise from redox
transformation, sorption or metabolic activity in the cellular microenvironment or chemical
changes in the substrate (Gadd, 2010). Dierent minerals associated with fungal biomass
have been identied, such as carbonates, oxides, suldes and phosphates (Burford et al.,
2003; Fomina et al., 2008; Gadd, 2007). Oxalate mineralization was commonly found associated with various microorganisms (Gadd, 1999; Adeyemi and Gadd, 2005; Baran and Monje,
2010) and in particular calcium oxalate accumulation on fungal hyphae is well-documented
(Arnott and Webb, 1983; Horner et al., 1983; Whitney and Arnott, 1987; Verrecchia et al.,
1993) and rst identied by Schmidt (1847). Gadd (2009a), Gadd (2010) and Gadd and
Fomina (2011) mentioned nucleation and formation of mineral precipitates due to reprecipitation of metals with substances released from OM decomposition.

At the molecular

scale, nucleation may be initiated by binding of ions to organic molecules, which eects
a self-assembly process of crystal growth to a three dimensional matrix (De Stasio et al.,
2005). Mineral formation seem to require a localized zone, limited in diusion, which lead
to supersaturated conditions (Weiner and Dove, 2003). Carboxyl groups, which are located
in acidic amino acids, proteins or polysacchrides, play an important role in nucleation. They
seem to be the most eective cation-binding chemical species. Their negative charge attracts positive ions from solution and therefore they induce nucleation of minerals (Weiner
and Dove, 2003; Gilbert et al., 2005).

1.4 Mycoremediation
Mycoremediation, the fungal bioremediation, aims to reduce or transform contaminants in
soil, sediment, water or air using fungi.

The use of fungal biomass for the biosorption

of metals from industrial and municipal waste water has been proposed as a promising
alternative to conventional heavy metal management strategies (Baldrian, 2003). Wood-
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inhabiting basidiomycetes seem to be a promising material for biosorption since they easily
can be cultivated in high yields on various substrates. Similar to other fungi, their cell walls
consist mostly of polysaccharides, peptides and pigments and they have a good capacity
for heavy metals binding (Baldrian, 2003). Additionally, they tolerate toxic levels of most
pollutants (Aust et al., 2004). The genera Aspergillus, Penicillium, Alternaria, Geotrichum,
Fusarium, Rhizopus, Monilia, Schizophyllum and Trichoderma were demonstrated to survive
toxic eects of heavy metals owing to their detoxication mechanisms (Gadd, 1992; Gabriel
et al., 1994; El-Kassas and El-Taher, 2009). Biotransformation, bioaccumulation, biosorption, bioseparation, biodegradation, biobleaching and biodetoxication are known processes
in bioremediation (Molla and Fakhru'l-Razi, 2012).

Especially the fungal mycelium and

fruiting bodies are possible hyperaccumulators applied in mycoremediation (Garcia et al.,
2005; Yuan et al., 2007).
Fungal inuence occurs either metabolism-dependent or metabolism-independent (Arica and
Bayramoglu, 2005). If the metabolism of a substance provides energy for cell maintenance
and division, contaminants are used as primary substrates (Pandey and Fulekar, 2012).
If compounds provide energy but support no growth during their metabolization, they are
referred to as secondary substrates. During co-metabolic transformation, the fungus provides
neither energy nor carbon, but it benets from obtaining energy from another transformable
substance (Pandey and Fulekar, 2012).
Concerning the mobility of pollutants, fungi are able to immobilize substances by sorption
to biomass, intracellular accumulation, and sequestration, as well as precipitation onto or
around fungal hyphae (Gadd, 2007). Cell wall components like glucans, mannans or galactans are very important for the immobilization of contaminants by providing sites for metal
binding (Alpat et al., 2010; Manzoor et al., 2012). Dead biomass may be preferred over
living ones for the adsorption of metal ions owing to toxicity limitations, storage property for
extended time period and easy desorption (Cabuk et al., 2005; Awofolu et al., 2006; Javaid
et al., 2011; Manzoor et al., 2012). Fungal inuence may also cause mobilization through
chelation by metabolites such as siderophores, and volatilization owing to methylation (Gadd,
2007). Nevertheless, especially lignolytic fungi have been determined to produce unspecic
extracellular enzymes.

Therefore, they attack and break down dierent compounds with

structural similarities to lignin such as polychorinated biphenyl, trinitrotoluene, polycyclic
aromatic hydrocarbons or dichlorodiphenyltrichloroethane by their lignin-modifying enzymes
(Hamman, 2004).
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1.5 Aims and objectives
The aims of this study were to estimate the fungal alteration of organically coated sand
grains and the consequences for their heavy metal retention. Previous investigations demonstrated the ability of the sediment to eciently retain heavy metals from low contaminated
groundwater under neutral to slightly acidic pH conditions (Weise et al., 1989; Roselt et al.,
2004). Coated grains are available in open cast mining areas at a low price, because they
are excavated owing to the exploitation of underlying coals. Organically coated sand grains
may be an economic resource for groundwater remediation.
In order to dene the initial state of coated grains, the elemental, spatial, and chemical
compositions of coated grains were investigated using reected-light microscopy, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), scanning transmission
X-ray microscopy (STXM), vertical scanning white light interferometry (VSWLI), X-ray uorescence spectroscopy (XRF), Curie point pyrolysis, Fourier transform infrared spectroscopy
(FTIR), X-ray diraction (XRD) and elemental composition. The evolution of organic coatings on sand grains was investigated to develop an sedimentological phenomenon.
In order to estimate biotic changes of sand grains coated with organic matter, the sediment
was incubated on a mineral medium for 4 weeks with and without S. commune. Owing to
the ability of microorganisms to alter rocks and minerals, microbially induced changes of
coated grains were studied. In addition to other methods, batch experiments and inductively
coupled plasma optical emission spectroscopy (ICP-OES) were carried out by Christopher
Scholz (research trainee) to assess changes in the heavy metal retention of organically
coated sand grains, because fungal colonization is expected to enhance the retention ability
of coated sand grains towards heavy metals. Evaluation of sand grains coated with organic
matter as an ecient purier regardless of microbial or oxidative weathering is important
for their reliable application in remediation.
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The sampling site is located in the open cast mine Profen near Leipzig, Germany (Fig. 2.1).
The Profen mine is part of the coal district in the Weisselster Basin, where mining began in
the middle of the 18th century. In Profen, the southern part of the mining area (Fig. 2.2),
mining started in 1941 and will presumably stop in 2035 (Junge, 2007; MIBRAG, 2012).

2.1 Regional geology
The Profen mine is situated in the Paleogene to Neogene Weisselster Basin, a bight-like
prolongation of the North-German Basin. The basement is mainly formed by Neoproterozoic
graywacke of the North Saxony Anticline (Standke et al., 2010).

During the Cadomian

orogeny, granodiorites were formed by intrusion into the North Saxony Anticline and contact
metamorphism occurred.

During the Early Permian clastic red beds were deposited and

a volcanic center developed (Eissmann, 1970; Halfar et al., 1998).

The Upper Permian

Zechstein transgression area formed and evaporitic sequences were deposited (Halfar et al.,
1998).

The southern Weisselster Basin is characterized by lower Triassic deposits of the

Buntsandstein which is preserved in synclinal structures (Halfar et al., 1998). Formation of
the Paleogene Basin started in the Middle Eocene with clastic deposition. Basin formation
is explained to be the result of subsurface dissolution of Permian evaporites (Standke, 2002;
Standke et al., 2010).
During the Paleogene, alternating marine ooding and aggradation formed marine sand
beds interngering with estuarine to uviatile sand and gravel beds interngering with clay,
as well as brackish-lagoonal clay and silt units (Standke, 2002; Standke et al., 2010). Due
to rapid subsidence, the upstanding relief was buried (Eissmann, 2002b).

Intensive coal

formation occurred and formed the Saxony-Thuringia Seam, the Thuringian Main Seam,
and the Böhlen Upper Seam Complex (Eissmann, 2002b). They are illustrated in Fig. 2.3.
Floodplain channel deposits with meandering streams occurred since the Upper Oligocene
and formed sandy-gravelly units as well as clayey-silty beds from oodplains (Standke et al.,
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2010). Horizons of glacial (laminated clay, till, glaciouvial sediment) and periglacial (river
gravel, geliuction sheets, alluvium, loess) facies, illustrated in Fig. 2.3, were formed during
the Quaternary and the area of the Weisselster basin was reached by the Scandinavian ice
shield (Eissmann, 2002a; Standke et al., 2010).

Figure 2.1: Distribution map of Paleogene and Neogene sediment in northwest Saxony after
Palchen and Walter (2008). The open cast mining Profen is marked by an arrow.
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Figure 2.2:

Satellite picture of open cast mining Profen (MIBRAG, 2012)
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2.2 Stratigraphy
The Weisselster Basin is lled with Paleogene and Neogene deposits. In Profen Paleogene
and Neogene stratigraphy spans a time frame between 43 Ma (Middle Eocene) to 18 Ma
(Lower Miocene) and thereby covers 25 Ma (Standke et al., 2010). In Fig. 2.4 a schematic
vertical prole of Paleogene and Neogene sediment is given. Sediment of Lower and late
Middle Eocene have not been dated by biostratigraphy and the Lower Miocene stratigraphic
section is absent due to erosion (Eissmann, 2002b; Standke et al., 2010). During the Lower
Miocene, the Spremberg and Brieske formations were deformed, but erosion was dominant
(Eissmann, 2002b; Standke et al., 2010). Therefore no Neogene formations occur in the
open cast mine Profen and Paleogene sediment was deformed by subrosion.
Paleogene deposition started in the Middle Eocene with the Profen Formation, which is
subdivided in the Merseburg and Wallendorf Subformation (Standke, 2008).

The older

Merseburg Formation consists mainly of clastic sediment (groundwater reservoir, GWL 6)
while the younger Wallendorf Member comprises the Saxony-Thuringia Coal (Krutzsch et al.,
1992). The Profen Formation in the open cast mine Profen is up to 100 m thick with an
average of 40 - 60 m and contains alternating gravel, sand, and silty clay (Eissmann, 1968;
Standke et al., 2010). Fossil plant residues are abundant in the Merseburg Member (Standke
et al., 2010).

Owing to the wide range of grain sizes and the appearance of xylite, coal

detritus, and pyrite concretions, they were interpreted as uvial sediment. Heavy minerals
in combination with tidal at sediment suggest shore deposition in the upper part of the
Merseburg Member (Standke et al., 2010).

Clastic detritus derived most likely from the

south or rather southwest (Standke et al., 2010).

The Wallendorf Member includes clay

units followed by the Saxony-Thuringia Seam. Fossil plant residues with dominating palm
leaf indicate humide subtropical, or warm temperate climate (Standke et al., 2010). The
Saxony-Thuringia Seam is characterized by syn- and postgenetic subrosion structures (Eissmann, 1968). The Borna Formation of late Eocene to early Oligocene age is subdivided into
Zeitz, Bruckdorf and Domsen Complex (Standke, 2008). The lower member contains the
Luckenau Clay and Zeitz Sand (GWL 5), whereas the second includes the Thuringian Main
Seam (Standke, 2008). Thickness of the Zeitz Sequence in Profen is 0 - 22 m (Standke
et al., 2010). The Zeitz Member is dominated by clastic sediment, which consists of ne to
coarse sand with planar and trough cross-beds (Standke et al., 2010). Based on sand-lled
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tree trunks, xylite, and bioturbation in this sequence, it was interpreted as uvial-estuarine
in the lower part and intertidal in the upper part (Standke et al., 2010).

Sedimentation

occurred most likely in an estuary during the Middle and Upper Eocene (Friedel and Balaske, 2005; Krutzsch and Blumenstengel, 2005; Rascher et al., 2006; Blumenstengel and
Krutzsch, 2009).

Evidence for marine inuence is additionally given by the trace fossil

Ophiomorpha nodosa (Standke, 1998, 2002). The Luckenauer Clay occurs in Profen with
15 m thickness containing thermophilic plant residues, which indicate their development in
subtropical forests in the Upper Eocene (Mai and Walther, 2000).

Figure 2.3:

Sequence of open cast mining area Profen. 1. Holocene ood loam; 2. Weichselian loess; 3. Late Saalian soliuction deposit; 4. Saalian till; 5. Early Saalian
Main Terrace of the Weisse Elster River. 6. Late Elsterian Döbris Channel; 7. Elsterian till; 8. Middle Oligocene marine silt and sand; 9. Böhlen Upper Seam
Complex; 10. Haselbach Clay and Sand; 11. Domsen Beds (a, silt; b, sand:
c, silicied sand); 12. Thuringian Main Seam, upper unit; 13. Middle Zeitz uvial sand; 14. Thuringian Main Seam, lower unit; 15. Luckenau Clay; 16. Older
Zeitz uvial sand; 17. Saxony-Thuringia Seam; 18. Profen Clay; 19. Fluvial sand;
20. Clayey intercalation; 21. Lower Paleogene aquifer with clay layers; 22. Subrosive collapse structures; 23. Lower Bunter Sandstone and Upper Zechstein;
24. Limestones of the Stassfurt- and Leine Cyclotherns; 25. Werra anhydrite;
26. Werra lime stone; 27. folded and faulted Palaeozoics and Proterozoics (after
Eissmann, 2002b)
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Figure 2.4:

Schematic vertical prole of Paleogene and Neogene sediment in Profen after
Standke (2008) and Standke et al. (2010).

Its sedimentation is assigned to lagoonal environments in the supratidal or lagoon formation
(Standke, 1998, 2002). The Bruckdorf Member includes the Thuringian Main Seam and
sediment between coal seams. The coal seam occurs in Profen in maximum thickness of

27

2 Geological setting

15 m. It is splitted into smaller subseams, which are interruped by sand (GWL 4). The sand
contains cross-bedding and bioturbation and it is interpreted as tidal at sediment (Standke,
1998; Standke et al., 2010). With an Upper Eocene to Lower Oligocene age, the Domsen
Complex (GWL 3) is part of the Borna Formation (Standke, 2008). It was deposited on the
Thuringian Main Seam (Eissmann, 2002b; Standke, 2002; Berkner and Wolf, 2004; Junge,
2007; Standke et al., 2010). The Domsen Complex consists of the Domsen Silt and Sand,
as well as the Haselbach Clay (Standke, 2008). In Profen, the Domsen Sand occurs in a
highly variable thickness of 0 - 30 m. Strong bioturbation characterizes alternating brown,
carbonaceous silt and bright ne sand deposited by white-gray ne sand with aser bedding,
and cross-stratication (Eissmann and Litt, 1994; Junge, 2007).

Sedimentary structures,

silicied sandstone of a few decimeters thickness and the trace fossil Skolithos are indicative
of a mainly subtidal environment (Standke, 2008; Standke et al., 2010). On top of it, up
to 10 m thick, gray-brown to black sand show planar and low-angle cross-stratication,
which represents intertidal at environments (Standke et al., 2010).

Light-gray ne to

medium sand with planar and cross-bedding as well as partly Skolithos linearis overlays
dark sand. The glass sand of several meter thickness contains heavy mineral assemblages,
which indicate the shore line (Standke et al., 2010).

The silicied sandstone containing

Limulids was observed (Zincken, 1862; Bellmann, 1997). The Domsen Sand passes laterally
into silty to clayey sediment (Ellenberg, 1983; Standke et al., 2010).

On the top of the

Domsen Complex, sand of around 2 m thickness contains dierent trace fossils. Therefore
the sand was interpreted to represent subtidal environments (Standke, 2008). According to
biostratigraphic ndings, the top of the Domsen Complex is assigned to the Lower Oligocene,
where a major (Rupelian) transgression occurred (Eissmann, 1968, 1970, 2002b). With a
Lower Oligocene age the Böhlen Formation is subdivided in the Gröbers, Espenhain-Zwenkau
and Septarienton subformations (Standke et al., 2010). The Gröbers Member contains the
Haselbach Clay Complex and the Böhlen Upper Seam. A regional unconformity separates
the Domsen Complex from the younger Haselbach Clay Complex (Eissmann, 2002b). The
Haselbacher Clay, a sequence of clay beds contains macroora, which was assigned deciduous
species. Deciduous species indicate a climate change with lower mean annual temperature.
The clay complex was formed in backwaters of lagoons and limnic environments (Standke
et al., 2010). The Böhlen Upper Seam consists of two thin seams separated by clay, silt or
sand. On the top of the seam, bioturbated sediment of marine deposition is found (Standke
et al., 2010). The Espenhain-Zwenkau Member overlays the Böhlen Upper Seam with an
erosional unconformity (Standke et al., 2010). In the open cast mine Profen its thickness
reaches a maximum of 40 m in subrosion depressions (Muhlmann, 1982; Standke et al.,
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2010). Shallow sequences of ne sand and silt were deposited (Eissmann, 2002b; Standke,
2002). At the base of the Espenhain-Zwenkau Member gravel and fossil shark teeth occur
and mark the main transgression (Rupel transgression).

Bioturbation, escape traces, as

well as trace fossils Ophiomorpha and Thallassinoides in the Espenhain-Zwenkau Member
indicate its sedimentation in a subtidal environment. At the top of the sequence, allochthone
phosphorite nodules are found in a horizon of 0.2 - 0.5 m thickness (Standke et al., 2010).
Separated by an erosional unconformity, the Septarienton Member was deposited on the top
of the Espenhain-Zwenkau Member with a Lower Oligocene age. The youngest sequence of
the Böhlen Formation contains mainly gray silt and clay and passes to sand on the top. It is
10 - 15 m thick and marked by bioturbation (Standke et al., 2010). The Upper Oligocene
is represented by the Cottbus Formation, which contains the Glaukonitsand and the Lower
Glimmersand Member (Krutzsch, 2000; Standke et al., 2010). At its base, the Formsand
Beds contains bright to greenish sand of up to 35 m thickness in subrosion depressions. It
includes iron suldes, trace fossils Ophiomorpha, which indicate sedimentation in shallow
marine environments (Standke and Suhr, 1998).

2.3 Domsen Sand
The Domsen Sand is the upper part of the Domsen Complex, which was deposited in the
Upper Eocene to Lower Oligocene on top of the Thuringian Main Seam and is overlain by
the Böhlen Upper Seam (Eissmann, 1968, 2002b). The lower unit, the Domsen Silt, consists
of alternating silt beds and ne sand mainly of brown color.

The silt and sand are both

mostly horizontal and partly cross-stratied (Eissmann, 2002b; Berkner and Wolf, 2004).
The upper part, the Domsen Sand, is a heterogenous complex of white to grayish-black sand
of ne and medium grain size (Junge, 2007). Dark colored sand beds occur predominantly
in subrosion depressions, but they do not sustain horizontally (Standke, 1998; Eissmann,
2002b; Junge, 2007).

Silt and ne sand dominate the lower part of the Domsen Sand,

whereas medium sand occurs mainly in the upper part.

In the open cast mining Profen

a coarsening upwards sequence of the Domsen Complex has been identied (Junge, 2007;
Standke et al., 2010).

The Domsen Sand passes laterally into silty to clayey sediment

(Ellenberg, 1983; Standke et al., 2010) and its maximum thickness is 120 m in subrosion
depositions (Standke, 2002). At the top of the northeastern part of the deposit, coarse sand
and ne gravel occur (Junge, 2007).
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Figure 2.5: Spatial distribution of the Domsen Sand in the open cast mining Profen. Domsen Sand is subdivided into three working areas: Domsen, Profen Süd and Schwerzau. Areas of highest thickness are colored orange (> 25 m) and thin occurrences of the Domsen Sand are displayed in beige. Sampling sites A and B are
marked by red crosses and the highlighted area is given in Fig. 2.6 (MIBRAG,
2012).
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Figure 2.6:

Spatial distribution of the Domsen Sand in the working area Schwerzau. Belt
conveyors are illustrated in magenta, boreholes with a black dot and the sampling
site A with the red cross.

The Domsen Sand occurs in highest thickness on

orange areas (> 10 m) and thinner on beige (MIBRAG, 2012).

The Domsen Sand is commonly poorly cemented, but some units are strongly silicied.
The silicied sandstone is 1-5 m thick and contains Limuliden (Zincken, 1862; Bellmann,
1997).

Flaser bedding, cross-stratication, and tidal bedding occur in the Domsen Sand

(Eissmann and Litt, 1994; Junge, 2007). The Domsen Sand was deformed by bioturbation,
glaciotectonic deformation and locally by permafrost (Eissmann, 2002b; Junge, 2007). It
was interpreted as a marine sedimentary sequence by Lotsch et al. (1971). Heavy mineral
assemblages, bioturbation, and trace fossils (Skolithos ) indicate its sedimentation in subtidal environments (Standke, 2002; Standke et al., 2010). On the top, planar and low-angle
cross-stratication are found and are interpreted as intertidal deposition (Standke et al.,
2010). Zincken (1862); Eissmann (2002b) and Junge (2007) assigned it as a uvial sedimentary sequence with marine inuence. It was deposited in a very shallow delta attested
by the presence of Limulus decheni. Interpretations of Standke (2002) and Standke et al.
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(2010) suggested shallow marine conditions with subtidal-intertidal environments due to the
presence of intensive bioturbation and heavy mineral placers.
The spatial distribution of the Domsen Sand in the open cast mine Profen is shown in
Fig. 2.5. The map is subdivided into three working areas: Domsen in the northwest of the
area, Profen Süd, in the center, and Schwerzau in the south. In Domsen and Schwerzau
the Domsen Sand occurs in thinner beds than in the Profen Süd area.
to the border of the Domsen Sand, bed thickness decreases.

From the center

Largest thickness is found

in the north (Fig. 2.5 and Fig. 2.6). Two boreholes, marked by dots in Fig. 2.6, surround
the sampling site A, which is indicated by a red cross. The boreholes were correlated in a
cross-section (Fig. 2.7).

Figure 2.7: Prole of sediment in Profen. The Prole is SE/NW oriented and includes two
boreholes (MIBRAG, 2012).

The corresponding data is given in Table 2.1.

The Domsen Sand (F641) separates the

Böhlen Upper Seam (Au) from the Thuringian Main Seam (B) at the top.

It is dened

as groundwater reservoir 3 (GWL 3). The sediment is inuenced by subrosion and erosion.
Erosion buried older sediment including the Domsen Sand. Subrosion led to highly variable
thicknesses already mentioned by Eissmann (2002b), Junge (2007), and Standke et al.
(2010).
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Table 2.1:

Borehole data of the Domsen Sand and surrounding coal seams drilled in 1959
and 2004 (MIBRAG, 1959, 2004). Their locations are illustrated in Fig. 2.6 and
2.7.
22788_04

34_59
Böhlen Upper
Seam

coal;

coal;

2.3 m thick

1.3 m thick
ne sand; brown-gray; micaceous; containing
xylite and coal layers; cohesionless; saturated;
0.4 m thick

medium sand;
brown;
up to 0.6 mm in
Domsen Sand

diameter;
10.8 m thick

medium sand; gray-brown to brown-gray;
cohesionless; earth-moist; 5.0 m thick
medium sand; dark gray-brown; cohesionless;
earth-moist; 7.4 m thick
quartz; gray-brown; cohesionless; earth-moist;
0.1 m thick
ne sand; gray-brown to light gray-brown;
micaceous; coal strata; cohesionless;
earth-moist; 0.6 m thick

Thuringian Main
Seam

coal;

coal;

16.4 m thick

14.3 m thick

Borehole 34_59 (MIBRAG, 1959) was drilled in 1959, whereas drilling of borehole 22788_04
took place in 2004 (MIBRAG, 2004).

Table 2.1 compares the data obtained on both

boreholes and Figure 2.6 shows their location within the open cast mining area. Both reports
of borehole 34_59 and 22788_04 recorded brownish, ne to medium sand beds with a similar
total thickness of 10.8 m or 13.5 m, respectively.

The stratigraphic position, grain size,

color and thickness of the Domsen Sand are characterized in the data of borehole 34_59.
Additionally, information was obtained from borehole 22788_04 and enabled a subdivision
of the Domsen Sand into ve layers. Some layers contained mica and/or coal.
The dark colored Domsen Sand was sampled from the open cast mine Profen. Samples were
collected on sampling site A on April 29, 2011, on May 19, 2011 and on April 13, 2012 and
referred to as P3, P4, and P5, respectively (Fig. 2.5). P2 was sampled on February 2, 2010
on sampling site B (Fig. 2.5). P2 was sampled in the 3rd section, whereas sampling of P3,
P4, and P5 was performed in the 5th section.
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3 Methods
3.1 Incubation experiment
In order to study the inuence of microorganisms on organically coated sand grains, the
model organism S. commune was used.

The fungal strain S. commune 4-39 was ob-

tained from the collection of the Jena Microbiological Resource Collection, Friedrich-SchillerUniversität Jena.
The organically coated sand grains were sterilized with a total sterilization dose of 25 kGy
using a

60 Co irradiator of Gamma-service Produktbestrahlung GmbH in Radeberg, Germany.

About 1 g sterile organically coated sand per 10 ml medium was incubated in Petri dishes
with a complex mineral medium composed of 2.0 g peptone, 2.0 g yeast extract, 20.0 g

4

·

2

2

4

2

4

glucose, 0.5 g MgSO 7 H O, 0.5 g KH PO , 1.0 g K HPO

and 18.0 g agar in one liter

of distilled water. Inoculation with the white-rot fungus, the Petri dishes were stored for

°

4 weeks at 28 C. Control samples were incubated under the same experimental conditions,
but without fungal inoculum. Investigations of air-dried samples were carried out with microscopic techniques combined with spectroscopic methods such as energy dispersive X-ray
spectroscopy (EDX) in conjunction with SEM and TEM as well as near edge X-ray absorption ne structure spectroscopy (NEXAFS) and STXM. Vertical scanning interferometry
(VSI) was applied to examine microbially induced structures on organically coated sand
grains.

3.2 Sample preparation
Preparation of geomicrobiological samples for electron microscopy and especially for transmission techniques is challenging because both hard and soft parts with high water content
are combined (Schadler et al., 2008). Organic coatings are sensitive to mechanical stress in
contrast to the hard quartz where they are attached to.
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Hyphae were removed from organically coated sand grains to investigate grain surfaces
modied by the fungus. Fungal biomass was detached mechanically using tweezers because
chemical treatment would dissolve organic coatings on sand grains.

Due to the strong

attachment of hyphae to the surface, fungal parts partly remained in depressions.

The

complete removal of hyphae without destruction of organic coatings on sand grains was not
practicable.

3.2.1 Ultrathin sample prepared by focused ion beam
Focused ion beam (FIB) milling was performed with the lift-out method (Heaney et al.,
2001) to prepare ultrathin foils (approximately 100 nm), which are suitable for transmission
techniques such as TEM and STXM. The same areas as to ones observed by SEM with a
Zeiss Ultra 55 FEG-SEM were located with FIB imaging capabilities. Two FIB foils were cut
out from organically coated sand grains with a Dual FIB FEI Strata D8235 at Université
Lille I (France). One ultrathin foil was prepared on organically coated sand grains incubated
with S. commune (foil I). A second foil on control coated sand, which was not incubated
with the fungus, was prepared (foil II). Platinum straps were placed on the surface of the
organically coated sand grains to protect them from abrasion due to the Ga+ beam and the
Ne beam (Fig. 3.1 (A)).

Figure 3.1: Preparation of ultrathin foil with FIB, (A) deposition of Pt strap, (B) ion milling,
(C) undercutting, (D) insertion of glass needle, (E) lift-out, (F) nal thinning
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Rough milling of trenches on both sides of the investigated area was performed with 30 kV
and circa 20 nA. After cutting along the side and bottom edges with the ion beam, a glass
needle was directed to the excavation site. The circa 20

mm Ö 10 mm foil was extracted by

electrostatic attraction to the needle and transferred to a sample grid at room pressure with
a micromanipulator. The nal thinning of the section area to circa 100 nm was operated
with less intensity 100 pA to produce an electron transparent foil. This procedure has been
used for sample preparation in other studies on microbe-mineral interactions (Benzerara
et al., 2007; Lepot et al., 2009; Carlut et al., 2010).

3.2.2 Separation of organic coatings from sand grains
Separation of organic coatings from sand grains was done to optimize OM analysis. Mechanical abrasion of the organic coating increased the amount of OM. Sieving (diameter:
63

µ

m) of the sediment separated sandy mineral particles from silty predominantly organic

matter. Organic coatings separated from sand grains were studied with Curie point pyrolysis,
FTIR, XRD and TEM.

3.3 Analytical techniques
With the aim to understand the genesis of organic coatings on quartz grains, their bulk
chemistry was studied with XRF, XRD, and elemental analyzer. Furthermore, SEM-EDX
and TEM-EDX were applied to obtain information on the spatial distribution of mineral
constituents of coated sand grains. Organic constituents were investigated with Curie point
pyrolysis, FTIR, and STXM-NEXAFS. Fungal alteration on organically coated sand grains
was analyzed with SEM-EDX, VSI, and STXM-NEXAFS. Finally, batch studies were carried
out by Christopher Scholz (research trainee) to estimate the inuence of fungal colonization
on the heavy metal retention of coated sands.

3.3.1 Reected-light microscopy
The organic coatings on sand grains were studied with Zeiss Axioskop 40 (Zeiss Axiolab,
Zeiss Jenalab). KY-LINK and Axiovision Rel. 4.8 were used to record images.
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3.3.2 Scanning electron microscopy
The surface topography was analyzed in high resolution with environmental scanning electron microscopy (Philips XL 30 ESEM, Amsterdam, The Netherlands).

The analyses of

Au-coated samples (Emitech K500 sputter coater, Quorum Technologies Ltd., Ashford,
England) were performed with an acceleration voltage of 10 kV and a working distance of 410 mm. Images were processed by Scandium software FIVE (Olympus, Münster, Germany).
EDX spectroscopy using (FE) SEM (LEO-1530 Gemini and Zeiss ULTRA 55 FEG-SEM,
Carl Zeiss NTS GmbH, Oberkochen, Germany) was performed on sand grains metallized
with Pt using a High Vacuum Sputter Coater (LEICA EM SCD 500, Wetzlar, Germany).
Elemental distribution on organically coated sand grains measurements was measured with
15 kV operating voltage and a working distance of 7.5 mm. The data was processed with
Esprit 1.8.

3.3.3 Transmission electron microscopy
Transmission electron microscopy (TEM) was performed with a Jeol 2100F microscope
operating at 200 kV at Institut de Minéralogie et de Physique des Milieux Condensés in
Paris, France.

The TEM was equipped with a eld emission gun, high resolution pole

pieces and a Gatan energy lter GIF 200.

Analyses were performed on organic coatings

separated from sand grains to identify their elemental composition using EDX analysis.
Spectral analyses were obtained with a Gatan spectrometer equipped with an ultrathin
window allowing detection of light elements. TEM investigations on ultrathin samples were
carried out to investigate the spatial distribution of major elements. Scanning-TEM (STEM)
observations were performed to collect dark- and bright eld images and EDX mapping using
high angle annular dark eld (HAADF) detectors.

3.3.4 Scanning transmission X-ray microscopy
Microscopic observations and spectroscopic measurements were carried out with scanning
transmission X-ray microscopy (STXM) and near edge X-ray absorption ne structure (NEXAFS), at the Advanced Light Source (ALS) branch line 11.0.2.2 (Hitchcock, 2001; Benzerara
et al., 2004). The synchrotron-based technique allows microscopic observations at the 25 nm
scale in conjunction with spectroscopic measurements providing information on the bonding
environment of carbon, nitrogen and oxygen (Bernard et al., 2010).
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The synchrotron storage ring operated at 1.9 GeV and 500 mA stored current. Energy calibration at the C K-edge was made by using the well-resolved 3p Rydberg peak at 294.96 eV

2

of gaseous CO

p

the N 1s

(Ma et al., 1991).

The N 1s and O 1s spectra were calibrated using

* electronic transition of N

2

p

at 401.10 eV and O 1s

* transition of CO

2

at

535.4 eV (Hitchcock and Ishii, 1987). Observed peaks were indexed based on previous NEXAFS studies on organic compounds (Hitchcock and Ishii, 1987; Cody et al., 1996; Boyce
et al., 2002; Urquhart and Ade, 2002; Gordon et al., 2003; Lawrence et al., 2003; Benzerara
et al., 2004; Brandes et al., 2004; Benzerara et al., 2005a; Abramson et al., 2009; Solomon
et al., 2009; Kleber et al., 2011; Zhong et al., 2011).
Two dimensional images were collected by scanning the sample stage at a xed photon
energy using a zone plate focusing the beam.

The image contrast results from X-ray

absorption dierences depending on the chemical composition of the sample.

By scan-

ning the sample in the xy direction with energy increments of 0.1 eV, stacks of images
were acquired across the C-1s and N-1s edge.

Dierences in X-ray absorption that de-

pend on the chemical composition of the sample cause image contrast (Benzerara et al.,
2005b).

The data was processed with the aXis2000 software (version 8.1, available on

http://unicorn.mcmaster.ca/aXis2000.html). All image stacks were aligned and converted
to linear absorbance (optical density, OD) scale with the following equation:

OD = −log( II0 )
where I is the transmitted intensity and I

0

is the incoming intensity measured in a region

adjacent to the foil which contained no sample. NEXAFS spectra were extracted from image
stack measurements. Normalization, background correction and calibration of all spectra
were performed. Distribution maps were obtained by subtracting two images of the same
area: An image taken below the edge subtracted from an image observed at the energy
corresponding to the absorption of a specic functional group displays the distribution of
this specic functional group (Bernard et al., 2010). NEXAFS spectra were compared to
extracted, soluble fractions (asphaltenes, aliphatic and aromatic fraction) of shale from
northern Germany. The extraction procedure is described in detail in Bernard et al. (2012).
A Soxhlet apparatus was used to extract powdered rock samples (10 - 20 g) for 48 h
by an azeotropic solvent (32% chloroform, 38% acetone, 30% methanol).

Asphaltenes

were precipitated from the total extract with the method of Theuerkorn et al. (2008). The
maltenes remained in solution. The maltenes were concentrated and separated into aromatic
and aliphatic fraction with Medium Pressure Liquid Chromatography (Radke et al., 1980).
The NEXFAS spectra of soluble fractions were measured to provide calibration standards.
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3.3.5 Vertical scanning white light interferometry
The quantication of surface topography on organically coated sand was carried out with a
ZeMapper vertical scanning white light interferometry (VSWLI) manufactured by Zemetrics
Inc., Tucson, AZ with white light mode.

VSWLI is an optical surface analysis method

that provides very high vertical resolution below 1 nm (Luttge et al., 1999).

Two Mirau

objectives (magnications: 32x and 160x, for more technical details see Darbha et al., 2010)
were used. The obtained xyz-data sets were analyzed and visualized by Image Processing
Software for Microscopy (SPIP, Image Metrology).

3.3.6 X-ray uorescence spectroscopy
X-ray uorescence (XRF) spectroscopy was applied with sequential wavelength dispersive
X-ray uorescence spectrometer (WDXRF) Philips PW 2400, which uses single crystals of
a suitable material to disperse the spectrum according to Bragg's law. Quantication was
carried out by comparison with known count rates of certied standards of the Geological
Survey of Japan, the Canadian Certied Reference Materials Project, the U.S. Geological
Survey, the South African Bureau of Standards and the Zentrales Geologisches Institut of
the former German Democratic Republic. Pressed powder tablets were made from six gram

°

of well desiccated (110 C), grinded powder, mixed with one gram of the binding agent
Hoechst Wax C. They were inserted into a collapsible aluminium cup and trace elements
were determined under pressure of 130 kN. Major elements were measured on fused beads
(glass discs) in which the sample material was diluted with a ux agent in a ratio of 1:10

°

in order to minimize matrix eects. After oxidizing the sample at 950 C (determination of
LOI), fusion was carried out within a high frequency induction furnace Lifumat 2.0-Ox.
The Index of Compositional Variability (ICV) and the Chemical Index of Alteration (CIA)
were calculated with the following equations:

ICV =

F e2 O3 +N a2 O+K2 O+CaO+M nO+M gO+T iO2
Al2 O3

CIA =

Al2 O3
Al2 O3 +CaO+K2 O+N a2 O

· 100

The CIA was calculated using molecular proportions.
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3.3.7 X-ray diraction
X-ray diraction patterns of organic coatings separated from sand grains were recorded with

a radiation at 40 kV
and 40 mA. X-ray diraction (XRD) was applied in a range of 370° 2j with 0.02° step
size 2j, and 0.5 seconds/step scan speed. The diractograms were processed with the
a Bruker ADVANCE 8 diractometer (Karlsruhe, Germany) with Cu K

DIFFRAC.EVA 1.4 software (Bruker, Karlsruhe, Germany) and patterns were compared to
standards from the open source database COD and the license database PDF2.

3.3.8 Elemental composition
Carbon, nitrogen, hydrogen and sulfur contents of organically coated sand grains were determined by elemental analyzers (Elementaranalysator vario EL II and vario Max, Elementar
Analysensysteme GmbH, Hanau, Germany).

d13C values of coated sand grains were determined with an elemental analyzer (EA 1110,
CE Instruments, Milan, Italy) coupled to an isotope ratio mass spectrometer (Delta

plus XL,

Thermo Finnigian, Bremen, Germany). Samples were weighted into tin capsules and com-

°

busted in an oxygen stream at 1150 C.

d13C values were determined on the evolved CO2,

which was transferred to the isotope ratio mass spectrometer. The standard deviation for
analytical uncertainties of bulk samples was 0.22



.

3.3.9 Curie point pyrolysis
Thermal degradable organic substances were investigated using Curie point pyrolysis and related to the compounds of origin described in (Bol et al., 2009). Pyrolysis of enriched, dried
and powdered (rpm, 2 min) organic coatings from sand grains was carried out in a Curie
point pyrolyzer (Fischer, Bad Godesberg, Germany) with a ferromagnetic sample tube. The
pyrolysis products were separated by a gas chromatograph (Hewlett Packard, Waldbronn,
Germany) and analysed by two mass spectrometers:

a GCQ ion trap mass spectrome-

ter (ThermoQuest, Dreieich, Germany) and DeltaPlusXL isotope ratio mass spectrometer
(Finnigan MAT, Bremen, Germany). The samples (9 - 15 mg) were pyrolyzed for 9.9 s at

°

°

°

500 C and 650 C with an interface temperature of 280 C. The following split injection ratio

-1

was 5:1 and the ow rate constituted 2.0 ml min . The pyrolysis products were separated
on a BPX 5 column (60 m length, 0.32 mm inner diameter, 1.0

µ

m lm thickness; SGE,

°

Weiterstadt, Germany). The oven temperature program started at 36 C and was held for
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°

°

°

-1 and nally the temperature was raised to 340 C

5 min, then heated to 240 C with 5 C min

°

-1

with an increase of 30 C min .

°

The nal temperatur was held for 2 min.

The transfer

capillary was heated to 250 C and the column outlet was coupled to a xed splitter (split
ratio 1:9).

The major proportion was transferred to the isotope ratio mass spectrometer

and the minor fraction was determined by a ion trap mass spectrometer, which identied

°

pyrolysis products with electron ionization at 70 eV. The transfer line was heated to 270 C

°

and the source temperature was held at 180 C. Pyrolysis products were identied by comparison with reference spectra (Kracht and Gleixner, 2000; Steinbeiss et al., 2006). The GCQ
identication software 2.2 and the Wiley 6.0 mass spectra library (Wiley VCH, Weinheim,
Germany) were used.

d13C values, the pyrolysis products were converted into CO2, N2
13
and H2 O (CuO, NiO and PtO, set at 940°C) by a combustion furnace. The d C values of
For the identication of the

individual compounds were calculated with the ISODAT 7.0 software (Finnigan MAT). The
threshold intensity for peak detection was set to 200 mV. This value was found to optimize
the number of peaks used for isotope determination and ion source linearity, to minimize
background eects and to reduce the isotopic inuence of not entirely baseline-separated
peaks.

The determination of

d13C

values of pyrolysis products and the relation to their

respective precursors has been proven to be reliable (Steinbeiss et al., 2006).

3.3.10 Fourier transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectra were obtained from organic coatings separated
from sand grains in reection (attenuated total reectance, ATR) and transmission mode
with a Nicolet iS10 spectrometer (Thermo Fischer Scientic, Dreieich, Germany). Organic
coatings were investigated in the mid-infrared range with 32 scans per spectrum and a

-1

resolution of 4 cm . Organic coatings were studied in reection and transmission mode.
Samples were crushed in a mortar and mixed with KBr (FTIR grade; Roth, Karlsruhe,
Germany) at a ratio of 1:200 and pressed into pellets for measurements in transmission
mode.
A diuse reectance infrared fourier transform (DRIFT) spectra of organic coatings separated from sand grains were recorded between 225 and 4000 cm
IR 560 spectrometer at 1 cm

-1

with Nicolet MAGNA-

-1 resolution at room temperature (Institut de Minéralogie et de

Physique des Milieux Condensés in Paris, France). The data was processed with the OMNIC
software. The main IR bands were indexed based on previous FTIR studies (Rouxhet et al.,
1979; Niemeyer et al., 1992; Frost et al., 1993; Frost and Vassallo, 1996; Haberhauer and
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Gerzabek, 1999; Coates, 2000; Madejova and Komadel, 2001; van Groenigen et al., 2003;
Saikia et al., 2007; Artz et al., 2008; Ritz et al., 2010; Preston et al., 2011; Vaculikova
et al., 2011).

3.3.11 Batch experiments
Batch experiments on the heavy metal retention of organically coated sand grains aected
by S. commune were carried out by Christopher Scholz (research trainee). The purpose was
to evaluate whether coated sands could act as a reliable tool in remediation regardless of
microbial or oxidative attack. A total of 102 batch tests was carried out with a sorbent to
solution ratio of 1:6 (30 g:180 g). For the batch experiments, 30 g dry weight of sediment P4
were put into 250 ml PET bottles. 6 ml of mixed liquid culture containing S. commune were
added. 1 mmol Cu stock solution was added and lled with Milli-Q water (dissolved organic

W cm) up to a total volume of 180 ml to receive

carbon < 10 p.p.b.; resistivity > 18 M

0.005, 0.01, 0.05 and 0.1 mmol Cu in solution.

°

The rst sampling was performed after

1-2 hours, then all bottles were stored at 28 C and shaken manually every 24 h to ensure
sucient time for solid-liquid equilibrium to be reached.
out after 3 days of incubation.

A second sampling was carried

The liquid phase was characterized before and after the

batch experiments by measuring temperature, electric conductivity, pH value, turbidity and
dissolved organic carbon (DOC) content with inductively coupled plasma optical emission
spectrometry (ICP-OES).
Data analysis was performed using adsorption isotherms according to the following equations
(Muller et al., 2007).

Freundlich isotherm:

Langmuir isotherm:

(n−1 )

CS = KF ∗ CL
CS =

Amax ∗KL ∗CL
1+KL ∗CL

Brunauer-Emmett-Teller (BET) model:

,

, and

CS =

Amax ∗KL ∗CL
(1−CL )(1+(KL −1)∗CL ) ,

S is the concentration in the solid phase at equilibrium [mg/kg], KF is the Freundlich
-1
coecient [l/kg], CL is the concentration in the liquid phase at equilibrium [mg/l], n , is
the Freundlich exponent, Amax is the maximum adsorption capacity [mg/kg] and KL is the

where C

Langmuir adsorption coecient [l/kg].

The empirical form of the Langmuir isotherm is

applicable to monolayer adsorption on a homogenous surface. A saturation point is reached
when no further adsorption occurs.

The Freundlich isotherm theory assumes monolayer
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(chemisorption) and multilayer coverage (van der Waals adsorption) of a heterogeneous
surface (Lin et al., 2006). The Freundlich equation is consitent with the Langmuir equation
at moderate concentrations. The BET isotherm is based on multilayer adsorption (Lin et al.,
2006).

3.3.12 Inductively coupled plasma optical emission spectrometry
The amounts of Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, S and Si were measured using inductively
coupled plasma optical emission spectrometry (ICP-OES, 725 ES, Varian, Darmstadt). For
these measurements the samples were ltered through a 0.2

3

the supernatant was acidied with HNO

(65 %) to pH 2.
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mm sterile lter (Sartorius) and

4 Characterization of organically
coated sand grains
In this section, organically coated sand grains are characterized for a better understanding
of the evolution of organic coatings on sand grains.

The characterization of organically

coated sand grains that have not reacted with fungi provide the necessary reference for the
identication of microbially mediated changes. Therefore, sedimentology, petrography, bulk
chemistry, as well as mineral and organic constituents of coated sand grains were analyzed on
thin sections, ultrathin foils, organic coatings separated from sand grains and genuine sand
grains with XRF, XRD, elemental analysis, SEM-EDX, TEM-EDX, Curie point pyrolysis,
FTIR and STXM-NEXAFS.

4.1 Sedimentology and petrography
Gray-brown Domsen Sand beds were obtained in several meters thickness (Fig. 4.1 (A)). The
dark colored Domsen Sand beds are adjacent to light sand beds: Dark beds are overlain by
light beds (Fig. 4.1 (C)), which are overlain by brown colored beds (Fig. 4.1 (B)). Within the
Domsen Sand, thin to thick dark colored sand beds occur alternatingly with silty interbeds
(Fig. 4.2 (A)). Sedimentary structures like horizontal stratication, medium-scale crossstratication, ripple cross-lamination occur in the sand (Fig. 4.2 (B), (C) and (E)). Few
discrete trace fossils (Fig. 4.2 (D)), coal and plant fragments (Fig. 4.2 (E)), roots and iron
sulde nodules of a few decimeter size were observed in the brown-gray sand. The Domsen
Sand is poorly consolidated.
Thin section images of representative areas are shown in Fig. 4.4. The coated sand grains
are of medium to ne sand based on the Udden-Wentworth grain-size scale for siliciclastic
sediment (Wentworth, 1922) and the grains are subangular to subrounded after Pettijohn
et al. (1987). The sand is moderately sorted.
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Figure 4.1:

Outcrop of the dark colored Domsen Sand in the open cast mining Profen.
(A) The Böhlen Upper Seam overlies a layer of light Domsen Sand; (B) graybrown Domsen Sand overlies light brown sand; (C) brown to gray-brown sand
beds.
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Figure 4.2: Sedimentary structures of the dark colored Domsen Sand. (A) Beds with sharp
bed contact; (B) and (C) cross-stratication; (D) trace fossils and (E) ripple
cross-stratication and coal fragments.
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Most grain-grain contacts are point contacts, long contacts or the grains are oating after
Pettijohn et al. (1987). The sand has a high total porosity of approximately 25 %, which
only is intergranular. The clasts consist of approximately 95 % quartz, approximately 4 %
OM, approximately 1 % mica and < 1 % feldspar and heavy minerals. The quartz grains
are mainly monocrystalline. Coal clasts, particulate organic matter (POM) and coatings of
OM occur on sand grains. The sand was classied as quartz arenite according to McBride
(1963). The grain surfaces of quartz and feldspar are highly altered. The POM is present
either adsorbed on quartz grains or within pore space in a particulate form. Adsorption of
OM took place after the surface alteration of the quartz grains. A non-continuous layer of
brownish OM is attached to the sand grain (Fig. 4.3 (A)). The organic layer often contains
shrinkage cracks (Fig. 4.4 (B)). Beside from organic coatings, organic silt particles that were
adsorbed on grain surfaces were found (Fig. 4.3 (B)). Almost all grain surfaces of the dark
colored Domsen Sand beds were partly covered with organic coatings. Hence the sample
material is referred to organically coated sand grains.

Figure 4.3:

Reected-light microscope images of organically coated sand grains, (A) sand
grain adsorbing brownish coating with shrinkage cracks, (B) sand grain with
adsorbed silty particles of brownish color.
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Figure 4.4: Images of thin sections of organically coated sand grains. (A) Coated sand consisting mainly of quartz and OM; (B) shrinkage cracks within organic coatings.
Both images illustrate the high porosity of the ne to medium-size quartz sand.

4.2 Characterization of bulk chemistry
The geochemical composition of the organically coated sand grains is dominated by SiO

2

with an average of 98.18 wt% (weight percent) (Appendix A1). Other major elements ac-

2 3

2

count on average less than 1 wt%. Al O constitutes 0.88 wt%, CaO 0.16 wt%, TiO 0.13 wt%,

2 3

Fe O

2

2

0.11 wt%, K O 0.09 wt% and Na O 0.07 wt%. The loss of ignition (LOI) was de-

termined to 2.78%. Furthermore, the S content (1805 ppm) was measured in considerably
higher concentrations than other trace elements (< 107 ppm) (Appendix A2).
ratios were calculated to classify the sediment (Table 4.1).

Table 4.1:

Major oxide ratios of organically coated sand grains

ratio

average

standard deviation

2 2 3
2
2
Fe2 O3 /K2 O
CaO/Al2 O3
Na2 O/Al2 O3
K2 O/Al2 O3

115.60

25.23

0.74

0.33

1.32

0.37

0.19

0.06

0.08

0.06

0.10

0.03

SiO /Al O

Na O/K O
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The Index of Compositional Variability (ICV) was determined to 0.66
ical Index of Alteration (CIA) accounted 87.7

2

2 3

K O and Al O

±

±

0.19 and the Chem-

3.4. An inverse linear correlation between

and a positive correlation of CaO versus TiO

2

occur (Fig. 4.5). Positive

correlations among trace elements were found between V and Pb as well as between Rb and
Pb.

Figure 4.5:

2

Correlations of major oxides and trace elements measured with XRF, (A) K O

2 3

2

and Al O , (B) CaO and Ti O, (C) V and Pb and (D) Rb and Pb. Lines depict
linear regression through the data.

Normalized spider diagrams after Shaw et al. (1967) illustrate that all major oxides and
trace element contents are lower than those of the upper continental crust (UCC), except

2

for SiO

and S (Fig. 4.6). TiO

2

2

and SiO

have the highest relative concentrations. Among

the trace elements, Zr and S were found in the greatest relative quantities. Ni, Y, Nb and
Pb have also high relative concentrations (Fig. 4.6).
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Figure 4.6: UCC-normalized spider diagrams after Shaw et al. (1967) of XRF composition
of organically coated sand grains. (A) Major oxides. (B) Trace elements. Sand

2

grains coated with organic matter contain more SiO

and S than the UCC

standard. Other oxides and elements were determined in lower quantities.

The elemental composition of P2, P3, P4 and P5 is similar (Appendix A3). Concentrations
of C was averaged to 1.27 %, H 0.06 %, N 0.02 %, S 0.12 % and O to 11.94 %. H/C,
O/C, and C/N ratios were calculated to an average of 0.05, 7.87, and 95.52, respectively
(Table 4.2). The high O content presumably arises from high quantities of minerals such as
quartz, which contain mineral-bound oxygen.

Table 4.2:

Average

±

standard deviation of elemental ratios (wt%/wt%) of organically

coated sand grains P2, P3, P4 and P5 from open cast mining Profen.
H/C
P2

0.05

P3

0.04

P4

0.05

P5

0.07

±
±
±
±

O/C

0.00

8.13

0.00

10.08

0.00

7.00

0.00

6.26
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±
±
±
±

C/N

0.01
0.40

97.09
96.30

0.00

90.44

0.16

98.26

±
±
±
±

6.34
12.16
14.13
19.05
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4.3 Characterization of mineral constituents
Si and O were identied in shrinkage cracks of organic coatings (Fig. 4.7). Quartz is the
major component of organically coated sand grains.

On quartz grain surfaces, V-shaped

etch patterns were found (Fig. 4.8). They measure approximately 300 nm in length.

Figure 4.7: SEM-EDX mapping of organic coatings on sand grains illustrating organic coatings enriched in C and S, whereas Si and O were detected in shrinkage cracks.
Al and Ca occured punctually.
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Figure 4.8: V-shaped etch patterns on quartz surfaces

Figure 4.9:

EDX maps of ultrathin foil from organically coated sand grains. On the TEM
image the platinum strap is imaged in white at the top. The quartz grain, with
its high Si and O concentrations, is at the lower part of the image. The organic
coating is in the middle of the picture. C and S are homogeneously distributed,
whereas O, Si, K, Al and Ti appeared heterogeneously in the organic coating.
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Mineral particles not composed of quartz in clay and silt size are embedded in the organic
coating. Fig. 4.7, Fig. 4.9, and Fig. 4.11 illustrate the spatial distribution of most elements
detected on the organically coated sand grains. Results are conrmed by analyses on thin
sections and ultrathin foils (Fig. 4.9 and Fig. 4.11).

Al and Ca occur punctually in the

organic coating on sand grains (Fig. 4.7). EDX spectra indicate the presence of Na, K, Mg
and Fe in low abundance (Appendix A4 and A5). Al and K appear in elongated structures.
The correlation of S and O indicates the presence of gypsum. Additionally, Si, O, and Al, as
well as Fe and S correlate. They can be attributed to sheet silicates such as clay minerals
and iron suldes, respectively.

Ti was observed punctually (Fig. 4.9).

Occurrence of Ti

indicates the presence of heavy minerals. Alteration at the surface of the sand grains and
subgrain formation was observed (Fig. 4.10).
The results are in accordance with the identication of quartz, pyrite, and gypsum with
XRD (Appendix A6).

Figure 4.10:

SEM image of a thin section of organically coated sand grains (light gray),
surrounded by dark gray organic coatings.
coating can be seen as bright spots.
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Mineral grains embedded in the
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Figure 4.11: SEM-EDX mapping of the marked area in Fig. 4.10. The sand grain is imaged
on the left. It consists of Si and O, whereas C was predominantly measured
on the right owing to the embedding within epoxy resin. Al, K, Ca, Fe and S
appreared punctually in the organic coating. Ca seem to correlate with S and
O. Additionally, Fe and S correlate.

4.4 Characterization of organic constituents
The organic constituents on the sand grains occur predominantly as fragments separated
by shrinkage cracks (Fig. 4.7).

Shrinkage cracks were also observed on freshly sampled

sand grains. Additionally, organic coatings occur insular on sand grains (Appendix A7). On
organic fragments, high amounts of C and S were measured. Both occur homogeneously
distributed within the organic coating.

This was veried on ultrathin foils of organically

coated sand grains with TEM-EDX analysis (Fig. 4.9). Organic coatings are heterogenuously
distributed and their thickness vary (Fig. 4.10).

The thickest layers were found in grain

depressions or ssures. The average coating thickness is 6.4
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VSI analysis (Appendix A8).
Using Curie point pyrolysis and FTIR, organic coatings that were separated from sand
grains were analyzed.

Up to 236 dierent peaks were detected after pyrolyzation.

The

major pyrolysis products benzene, toluene, C2-benzene, phenol and 3,4-methylphenol are
rather unspecic (Appendix A9). Proteines, lignins, and polyphenols are possible precursors
of these pyrolysates.

The presence of C3-benzene, 2-methylphenol and 2-methoxyphenol

indicate that biodegraded and decomposition of lignin have occurred. Humic acid (HA) is
avidenced by the detection of ethylnaphthalene and dimethylnaphthalin.



coatings separated from sand grains were in the range of -33.6 to -22.2

d13C of organic

(Appendix A10).

Table 4.3: Summary of main IR bands of separated organic coatings from sand grains with
transmission and reection FTIR techniques.

IR bands were indexed based on

Artz et al. (2008), Coates (2000), Frost et al. (1993), Frost and Vassallo (1996),
Haberhauer and Gerzabek (1999), Madejova and Komadel (2001), Niemeyer
et al. (1992), Preston et al. (2011), Ritz et al. (2010), Rouxhet et al. (1979),
Saikia et al. (2007), Vaculikova et al. (2011), and van Groenigen et al. (2003).

n

d

Abbreviations: stretching vibrations ( ), deformation vibrations ( ), symmetric
(sy) or asymmetric deformations (asy) and shoulders (s).

-1

Wave number [cm ]

Assignments

n(O-H)
n(O-H)
nsy(O-H)
nasy(O-H)
nasy(CH2)
nsy(CH2)
n(C=O)
n(C=C)
d(CH2)
n(C-O)
n(C-O)
n(Si-O)
nasy(Si-O)

3700
3680
3610 (s)
3420
2920
2850
1690 (s)
1620
1380
1280
1170
1110
1040

d(Al-Al-OH)
nsy(Al-O-Si)
d(Si-O)
d(Al-O-Si)
d(Si-O-Si)
n(S-S)

910
770
670
530
470
420
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A summary of the characteristic bands carried out by ATR and transmission investigations
with FTIR is presented in Table 4.3. The spectra display overlapping bands. Nevertheless
general assignments can be made.

Natural sediments often contain interlayer hydrogen-

bonded water molecules, which are responsible for a broad absorption of OH stretching of

-1 (Fig. 4.12) (Rouxhet et al., 1979; Haberhauer
-1
and Gerzabek, 1999; Coates, 2000). Bands in the range of 3000 - 2800 cm were assigned
-1
-1
to aliphatic stretching with greater intensity at 2920 cm than at 2850 cm (Saikia et al.,
hydroxyl groups between 3700 and 3400 cm

2007). Two accurate features were obtained that correspond to symmetric and asymmet-

2

ric CH

stretching, which arise from an aliphatic chain (Niemeyer et al., 1992; Rouxhet

et al., 1979; Haberhauer and Gerzabek, 1999; Coates, 2000).

A doublet at 2360 cm

was attributed to antisymmetric stretching of C=O of carbon dioxide.

-1
tion band around 1700 cm
1650 and 1500

A strong absorp-

was assigned to aromatic carbonyl C=O stretching (Fig. 4.12)

(Rouxhet et al., 1979; Reitner et al., 2011; Wang et al., 2011).

-1
cm

-1

In the region between

a peak, which represents aromatic C=C ring stretching vibration, was

detected (Rouxhet et al., 1979; Niemeyer et al., 1992; Haberhauer and Gerzabek, 1999).
Aliphatic CH
1380

-1
cm

2

deformation was characterized by the presence of an absorption band at

(Coates, 2000; Reitner et al., 2011). The features at 1280 and 1170 cm

-1

are

due to aromatic C-OH stretching of phenolic and aliphatic -OH, respectively (Niemeyer
et al., 1992; Guo and Bustin, 1998). Bands at 1110 and 1040 cm

-1

represent asymmetric

stretching vibrations of Si-O (Ritz et al., 2010; Preston et al., 2011; Vaculikova et al.,
2011) and were assigned to C-O stretching, which indicates the presence of polysaccharides
(Haberhauer and Gerzabek, 1999; Artz et al., 2008). Niemeyer et al. (1992) and Reitner

-1 to aromatic CH out
-1
This overlaps with bands between 950 and 500 cm , which were assigned

et al. (2011) attributed absorption bands in the region 975  700 cm
of plane bending.

to the presence of clay minerals (Frost et al., 1993; Frost and Vassallo, 1996; Madejova
and Komadel, 2001; van Groenigen et al., 2003).

Ritz et al. (2010) obtained spectra of

kaolinite exhibiting similar absorption features: stretching bands of inner-surface hydroxyl

-1

-1

groups at 3700, 3680, and 3610 cm , SiO stretching at 1110 cm , in-plane SiO stretching

-1

bands at 1040 cm , deformation bands of AlAlOH vibration, AlOSi in-plane vibration,

-1

SiO vibration, AlOSi vibration and SiOSi vibration at 910, 770, 670, 530, 470 cm ,
respectively. Lutz and Muller (1991) and Saikia et al. (2007) observed the presence of pyrite

-1

based on a weak absorption at 420 cm , which was assigned to S-S stretching.
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Figure 4.12:

Infrared spectra of organic coatings separated from sand grains marked with

n

d

major stretching vibrations ( ) and deformation vibrations ( ) identied based
on Artz et al. (2008), Coates (2000), Frost et al. (1993), Frost and Vassallo
(1996), Haberhauer and Gerzabek (1999), Madejova and Komadel (2001),
Niemeyer et al. (1992), Preston et al. (2011), Ritz et al. (2010), Rouxhet
et al. (1979), Saikia et al. (2007), Vaculikova et al. (2011), and van Groenigen
et al. (2003). ATR spectral features between 2200 cm

-1

and 1900 cm

-1

were

excluded from interpretation due to their assignment as diamond interference
region (Artz et al., 2008).

STXM-based NEXAFS spectroscopy at the C, N, and O K-edge performed on ultrathin
FIB foils also provided information at the submicrometer scale.

The C K-edge spectrum

of organic coatings on sand grains exhibited ve distinct energy peaks at 285.0, 286.6,
288.5, 297.1 and 299.8 eV (Fig. 4.13 (A)). These peaks can be assigned to aromatic bonds
(C=C) (Rabe et al., 1988; Cody et al., 1996; Boyce et al., 2002), phenolic bonds (Ar-OH)
(Myneni, 2002; Benzerara et al., 2004), carboxyl groups (COOH) (Gordon et al., 2003;
Lawrence et al., 2003; Benzerara et al., 2004; Kleber et al., 2011) and electronic transition
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II

III -edge (Abramson et al., 2009), respectively.

of potassium at the L - and L

Figure 4.13:

NEXAFS spectra of organic coatings on sand grains observed at the C Kedge (A), and O K-edge (B). Major peaks are marked by dashed lines. They
are attributed to aromatic bonds (C=C), phenolic bonds (Ar-OH), carboxyl
groups (COOH), O-alkyl C (C-O), potassium (K), C-O bonds of ketones and
aldehydes (C=O) and various C-O groups.

The shoulder at 289.6 eV is attributed to C 1s-3p

sv

* transitions of O-alkyl C (C-O)

(Solomon et al., 2009; Kleber et al., 2011). All spectra exhibit a broad absorption feature

sv

around 292.5 eV, which was assigned to 1s

* transitions of aromatic C-C bonds (Cody

et al., 1996; Bernard et al., 2009, 2012). Altogether, the spectra are consistent with asphaltenes (Bernard et al., 2012) in terms of peak position (Fig. 4.14 (A)), thus indicating
a similar chemical structure. Both spectra exhibit features at 285.0, 286.6, 288.5 eV and
slightly at 289.6 eV, whereas spectra of organic coatings contain two more individual peaks
at 297.1 and 299.8 eV, which were assigned to potassium. In contrary, peak positions of
NEXAFS spectra measured on aliphatic and aromatic fractions exhibit dierent adsorption
features (Fig. 4.14 (B)). An additional peak at 287.7 eV can be attributed to C 1s-3p

sv

*

transitions of aliphatic functional groups (C-H) (Cody et al., 1998; Boyce et al., 2002;
Bernard et al., 2012). C-NEXAFS spectra of the aliphatic and aromatic fraction display no
peaks at 286.6 and 288.5 eV, which would indicate phenolic bonds and carboxyl groups,
respectively (Fig. 4.14 (B)). Furthermore, Fig. 4.13 (B) illustrates the NEXAFS spectrum
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measured at the O K-edge. It comprised two features on foil II, a sharp band at 531.1 eV
attributed to C=O bonds of ketones and aldehydes (Myneni, 2002; Urquhart and Ade, 2002)
and a broad feature around 539 eV, which was attributed to various C-O groups (Zhong
et al., 2011).

Figure 4.14: NEXAFS spectra of organic coatings on sand grains compared with asphaltenes
(A), aliphatic and aromatic fraction (B) based on their C-NEXAFS spectra.
Spectra show the organic coating in red, asphaltenes in light blue (A), aliphatic
fraction in light green and aromatic fraction in yellow (B). The major peaks
were assigned to aromatic bonds (C=C), phenolic bonds (Ar-OH), carboxyl
groups (COOH), O-alkyl C (C-O) and potassium (K).

4.5 Discussion: Evolution of organically coated sand
grains
The sedimentary and petrographical results indicate sedimentation of the Domsen Sand in a
shallow marine environment. Evidence is given by the medium-scale cross-stratication, ripple cross-lamination, bioturbation and heavy mineral assemblages. The subgrain formation
and the grain-supported fabric indicate reworking by currents and/or waves. Lotsch et al.
(1971), Standke (2002) and Standke et al. (2010) demonstrated similar facies interpretation
based on trace fossils and sedimentary structures of the Domsen Sand. Eissmann (2002b)
and Junge (2007) instead suggested the sequence to be uvial with marine inuence, which
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is unlikely due to trace fossil ndings, sedimentary structures, and bioturbation (Standke
et al., 2010).

The varying bed thickness and the erosive basis of sedimentary structures

indicate subrosion and erosion between sedimentation cycles. The thickness of the Domsen
Sand beds depends additionally on the pre-Paleogene relief, which previously has been reported by Standke (2002). The roots, coal and plant fragments in the dark colored Domsen
Sand beds might have been relocated from nearby peats and deposited with the marine
sand.
In shallow marine sandstone, calcite cement occurs as a result of dissolution and reprecipitation of shell detritus (Worden and Burley, 2009).

Calcite cementation can displace

and dissolve quartz and therefore V-shaped etch patterns on quartz surfaces are formed
(Friedman et al., 1976; Burley and Kantorowicz, 1986). Similar alteration structures were
demonstrated on the quartz grain surfaces. The roundness and sorting may have been inuenced by alteration processes. The high SiO

2

contents of > 98 wt% indicate the high

compositional maturation of the coated sand grains. High compositional maturation is ver-

2

2 3

ied by the very high SiO /Al O

2 3

2

2 3

2 3

2

2 3

ratio, and the low K O/Al O , CaO/Al O , Na O/Al O

2

and Fe O /K O ratios as well as the ICV values below 1.0 and the high CIA (87.7). This
is higher than the CIA of both the UCC (47) and of unweathered rocks (approximately 50)
(McLennan et al., 1990; Cullers and Podkovyrov, 2002).

Intensively weathered materials

exhibit CIA values between 70 and 80, which is comparable with the values measured on
organically coated sand grains (Pasquini et al., 2005). The maturity might be the cause of
the subtropical to tropical climate, that inuenced the coated grains. The positive linear
correlation between CaO and TiO

2

suggests the presence of heavy minerals associated with

2

2 3

sedimentary sources, whereas the negative correlation between K O and Al O implies a substitution eect of aluminium by potassium (Jarrar et al., 2000; Burgan et al., 2008). The
positive correlations of V to Pb presumably indicates an increase in quartz due to natural
weathering on V, Rb, and Pb in the sediment (Aparicio and Bellido, 1976). That supports
the idea of intensively weathered sand. Most Eocene sand is pure quartz sand due to intense weathering in a (sub)tropical climate (Eissmann, 2002b). Intense weathering resulted
in a relative decrease in elements prone to weathering. It is demonstrated by the elemental
composition and ratios.

Presumably, dissolution of calcite cement, which led to a high

porosity of the coated sand, was caused by acidic pore waters from overlying coals. These
pore waters may have been enriched in sulfur and OM and precipitated framboidal pyrite by
reduction of detrital ferric iron in the presence of seawater sulfate. Furthermore, homogeneously distributed S in organic coatings presumably was bound organically. Organosulfur
compounds might be generated in the early stage of diagenesis such as during the peat stage
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(Damste and de Leeuw, 1992).

Clay minerals might derive from continental weathering,

enter the marine environment and be reprecipitated (Worden and Burley, 2009). The traces
of gypsum might have been formed due to recent weathering. The minerals not composed
of quartz occur embedded in a non-continuous cover of organic matter on the quartz grains.
Minerals might have been precipitated with organic matter on quartz surfaces. The light
beds were deposited prior and after the dark colored beds. The light beds were deposited
with lower current energy indicated by the smaller grain sizes. Studies of Pye (1982) also
obtained larger grain size of dark colored beds compared to smaller grain size of light beds.
Large grain sizes have a higher hydraulic conductivity and they act as preferential pathways
for pore waters (Moore et al., 1986). The dark colored beds might have been a preferential
pathway for OM-rich water, which may have passed through the aquifer from the overlying
coal for millions of years. Stratiform transport of the OM by descending pore water into the
studied sand beds can also be assumed. Junge (2007) and Standke (2008) also assumed
inltration of OM into sand beds by descending water. Transport of OM into the Domsen Sand is unlikely to be the result of groundwater lowering due to coal mining. Mining
started in 2004 at the sampling sites of the dark colored Domsen Sand in the working area
of Schwerzau. Shortly before groundwater lowering was performed. Already in 1959 dark
colored beds were observed in Domsen Sand close to the sampling site, however (Fig. 2.6
and Table 2.1) (MIBRAG, 1959).
The dark colored Domsen Sand beds occur predominantly in subrosion depressions. Owing to
migrating groundwater, POM might have been dissolved and relocated as dissolved organic
matter (DOM). The idea of remobilization of POM indicated by physical-chemical changes
was already discussed by Swanson and Palacas (1965). In the Domsen Sand, DOM presumably migrated along preferential groundwater pathways. As a consequence of changes in the
water table, reprecipitation presumably was initiated. The organic coatings on quartz grains
might have been formed by sorption-driven aggregation of the DOM. Organic substances
are known to form molecular aggregates on mineral surfaces (Wershaw, 1999). The adsorption was promoted in depressions and ssures of the quartz grains, where the coating have
the maximum thickness. Their sorption onto oxide surfaces has been explained by ligand
exchange of surface hydroxyl for carboxyl and phenolic groups (Vermeer and Koopal, 1998;
Balcke et al., 2005). Due to drying the volume of OM decreased after sorption. Therefore
shrinkage cracks were formed. They are presumably caused by natural dehydration. Since
cracks were observed on freshly sampled sand grains, the cracking occurred before sampling.
Nevertheless, cracking can be intensied during drying after sampling.
High C/N ratios of organically coated sand grains demonstrate the derivation of the OM from
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plants. Isotopic ratios between -33.6 and -22.2



-27

can be assigned to C

3

veried the assumption. The

d13C value of

plant material (Schafer et al., 2005). Similar implications can

be made from the IR spectroscopic analysis. The IR spectra are similar to spectra of extracts
from coastal sediment of the Adriatic sea (Calace et al., 2006), Florida humate (Swanson
and Palacas, 1965), and organic coatings of nonwettable sand grains from dry spot areas of
experimental golf greens (Miller and Wilkinson, 1977). The similarity of the NEXAFS spectra
of organically coated sand grains to the spectrum of OM in the study of Schafer et al. (2005)
supports the idea of plant derivation.

The comparison to asphaltenes suggests a similar

chemical structure with a high molecular weight and polarity.

However, organic coatings

on sand grains can be interpreted as highly functionalized aromatic compounds. Low H/C
ratios of organically coated sand grains indicate the high degree of alteration, which can be
the result of frequent resedimentation. Dehydroxylation probably caused the low H/C ratio.
Furthermore, the pyrolysates suggest a high condensation degree of the organic coatings.
Depolymerization and oxidation may have been the prevailing enzymatic processes during
the degradation of plant biomass (Wershaw, 1999). These reactions transform aromatic and
lipid compounds to amphiphilic molecules. Wershaw (1999) and Dorr et al. (2000) suggest
amphiphiles to form aggregates on mineral surfaces, which are hydrophilic on the interior
and hydrophobic on the exterior.
Based on the results, postsedimentary formation of organic coatings on sand grains is expected.

Most likely, the POM deposited during sand sedimentation.

It was dissolved to

DOM, translocated and reprecipitated.

Additionally, OM-rich pore water from overlying

coal inltrated the Domsen Sand beds.

The OM and the mineral inclusions presumably

were precipitated onto quartz grains. The overlying clayey and coaly layers are estimated to
have prevented organic matter from oxidation (Gliese, 1971).
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5.1 Microbially mediated mineralization
SEM analysis before and after incubation demonstrated formation of minerals on organically
coated sand grains mediated by S. commune (Fig. 5.1).

The ndings were compared

with non-inoculated control samples, which were incubated under the same conditions.
Neogenesis and transformation of minerals were only found on organically coated sand
grains incubated with the white-rot fungus.

Figure 5.1:

Representative SEM images of microbially mediated mineral formation.

(A),

(D), (E) and (F) show bi-pyramidal crystals attached to hyphal cell wall, presumably calcium oxalate. (B) illustrates platy aggregation cluster at the fungal
tip and (C) probably pictures booklets of kaolinite attached to hyphae.
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The majority of crystals formed were eight-face bi-pyramidal (octahedral) (Fig. 5.1 and
Appendix A11). Ca, C, and O were observed with EDX spectroscopy (Fig. 5.2 (A)). Formation of multi-layered crystals reects crystal growth from the inner layer to the outer
ones (Fig. 5.1 (E)). Approximately six generations of crystal layers with ca.

1

µ

m in di-

ameter each were identied with SEM. Platy crystal aggregates were found at the fungal
tip (Fig. 5.1 (B)). C, O, Si, S, Ca and minor Na, Mg, and K were measured with EDX
spectroscopy.

Figure 5.2:

SEM images of microbially mediated minerals and their corresponding EDX
spectra from the encircled area.

The element presence is in accordance with

calcium oxalate (A), a silicate (B), and kaolinit (C).
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Booklets attached to fungal cell walls also occur (Fig. 5.1 (C)). EDX analysis detected
Al, Si, and O (Fig. 5.2 (C)). Detection of C indicates a mixed signal from fungal biomas.
In addition to the

µ

m-size crystals, smaller minerals of hundreds of nm encrust the fungal

hyphae (Fig. 5.3). The structure of the small crystals is less well-formed than the larger ones.
The Ca concentration seems to correlate with C and O, whereas Si correlates negatively to
Ca (Fig. 5.3).

Figure 5.3:

Element map of minerals attached to fungal hyphae.

Discussion
The bi-pyramidal crystals with Ca, C, and O are tentatively identied as the calcium oxalates
whewellite and weddellite based on the literature in fungally mediated mineral formation
(Arnott and Webb, 1983; Horner et al., 1983; Whitney and Arnott, 1987; Verrecchia et al.,
1993; Guggiari et al., 2011). The platy aggregations are assumed to be composed of sheet
silicates based on their structure and elemental composition.

Booklets of kaolinite were

found, as assumed by their crystal structure and veried with EDX analysis.
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Calcium oxalate formation located on incubated sand grains might be a result of oxalic acid
excretion and reprocessing of the substrate. Oxalic acid as a fungal metabolite subsequently
reacts with the available Ca

2+

and precipitates in the form of calcium oxalate (Kolo and

Claeys, 2005):



C2 O42- + Ca2+ CaC2 O4
The mineral formation on and along the hyphae seems to result from the microbial activity.
Microbial alteration might induce conditions suitable for precipitation. Biologically induced
mineralization, an intrinsic mineralization process driven by microbial metabolites is assumed
(Dupraz et al., 2009). During this process, mineral precipitation occur on organically coated
sand grains without direct contact with the fungal biomass (Dupraz et al., 2009). Living
organisms are not required in the mineralization process if precipitation parameters are ini-

2

tiated by environmental conditions such as p(CO ) change (Dupraz et al., 2009).

Kolo

and Claeys (2005) dened a third precipitation mode of biomediated minerals in addition
to mineralization on fungal hyphae and on the substrate: precipitation within fungal hyphae. Intracellular mineralization was not observed on coated sand grains incubated with
S. commune with SEM and EDX spectroscopy.
Attached to fungal hyphae, microbially mediated calcium oxalates occurred either as individual crystals or in form of encrustrations, as also known from literature (Verrecchia et al.,
1993; Kolo and Claeys, 2005; Tuason and Arocena, 2009). Tetragonal, bi-pyramidal, platelike, rhombohedral or needle-like crystal morphologies of fungally mediated calcium oxalates
were reviewed by Burford et al. (2003). Hence a larger crystal-shape variation is possible
than the observed bi-pyramidal crystals in this study, although also the multi-layered structure of oxalates described by Kolo and Claeys (2005) was conrmed on microbially mediated
minerals on organically coated sand grains with SEM.
In fungal cells, the calcium concentration typically is low (Whitney and Arnott, 1987). Via
transformation of calcium ions to a mineralized form, the calcium concentration in the cell
is reduced and thereby any potential deleterious inuence on the fungus (Kolo and Claeys,
2005). An ecological reason for microbially mediated mineralization may be detoxication
(Simkiss, 1977; Gadd, 1999, 2010).
Microbially mediated minerals and host rocks often have a similar chemical composition
(Gadd, 2010). S. commune formed calcium oxalate and sheet silicates such as kaolinite on
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the organic coatings. All elements detected in the biomediated minerals were involved in
the incubation procedure as the complex yeast medium, which contains C, O, Mg, Si, S and
K, and coated sand grains, which contain additionally Al and Ca.

5.2 Microtopographical changes
The surfaces of organically coated sand grains were observed with SEM in order to identify topographical changes caused by the fungal alteration. Attached fungal hyphae were
found on the surface of organically coated sand grains (Fig. 5.4 (A) and (B)). Etch pits
were observed surrounded by holes within organically coated sand grains incubated with
S. commune (Fig. 5.4 (C)) Their maximum diameter measure 200 nm.

Figure 5.4: SEM images of fungal hyphae attached to coated grain surfaces. (A) Overview,
(B) high resolution, and (C) holes of maximum 200 nm width near the etch pit
(arrow).

Many of the etch pits contain dehydrated hyphae owing to the drying procedure, which
was required for the SEM measurements.

Mechanical removal of biomass from pits was

constrained in depressions. The etch pits additionally were studied with the VSI technique
to provide depth information. Depths of 0.45 to 0.81

µ

m with an average of 0.63

µ

m were

obtained irregularly (Appendix 12). They were measured from the bottom of the pit up to
the minimum limit of the surrounding (Fig. 5.5 (B)). The range of pit depths, which was
obtained with SEM and VSI, is signicantly below the thickness of organic coatings with
an average of 6.4

µ

m. The width and length of the etch pits are 0.88

average, respectively. The fungus similar dimensions.
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Figure 5.5:

Three-dimensional height map of a representative etch pit with corresponding
line measurement. (A) illustrates height distribution rendered from VSI data on
etched grain coatings. Lighter and darker areas represent positive and negative
topography, respectively.

(B) A cross section demonstrating minor roughness

on the grain surface.

Figure 5.6: Height contrast and histogram of both, fungal etch pit and surrounding organically coated sand grain.

(A) The microbially etched regions in blue and the

topographically higher grain in red. Brown areas mainly represent walls of etch
pits. (B) A height histogram. The color code is the same as in Fig. 5.6 (A).
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Figure 5.7: Height map of a representative etch pit with positive and negative topography
in lighter and darker areas, respectively. The model demonstrates the etched pit
including the entombed fungus within the rough coated sand grains.

The three-dimensional image of a representative etch pit on the organically coated sand
grains shows the etch pit silhouetting against the surrounding (Fig. 5.5 (A)). The roughness
of the coated grains is on the submicrometer scale (Fig. 5.5 (B)). The etch pit can be clearly
distinguished from surrounding areas as depression.
Etched grain coatings have a bimodal height distribution (Fig. 5.6 (B)). One peak reects
the etch pit and the other describes the surrounding area.

The height contrast image

demonstrates that the fungal etch pit is surrounded by the organically coated sand grain
(Fig. 5.6 (A)).
Based on the obtained xyz-data sets, a 3-dimensional (3D) topographic image can be visualized in Fig. 5.7, which images the etched pit within the rough organically coated sand
grain. It illustrates the fungus entombed within its own etched pit. This 3D image shows
evidence of the presence of the white-rot fungus within the etched pit.
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Discussion
Microtopographical changes were demonstrated on incubated sand grains coated with organic matter with the use of the VSI technique. Etch pits measured in average 0.88
width, 4.22

µ

m length, 0.63

µ

µ

m

m depth and occurred irregularly. They can be clearly dis-

tinguished from the rough surface of organically coated sand grains.

In consideration of

the proximity of the hyphae to the etch pits, chemical etching by extracellular enzymes
might be responsible for the etch pits (Bennett et al., 1996; Brehm et al., 2005). Enzymes
active in degradation can be excreted by the white-rot fungus. Furthermore, etch pits are
conrmed to be microbially mediated owing to the similar size of the etch pits and the
fungal hyphae of S. commune.

The height distribution of organically coated sand grains

conrms the inuence of the fungus (Fig. 5.6). The topography of the organically coated
sand grains indicates that dissolution occurred underneath and possibly along the side walls
of the fungus.
Beside chemical alteration, physical eects by microorganisms have been investigated. Physical alteration cause deterioration by splitting and fractionation (Gorbushina et al., 1993;
Bogomolova et al., 2003; Gadd, 2007). Growth into or along cracks was not observed in this
study on organic coatings on sand grains incubated with S. commune. Penetration by fungal
hyphae into quartz due to physical attack on the coated sand grains was not observed.
Since all types of igneous and sedimentary rocks have been shown to be susceptible to
microbial weathering (Ehrlich, 1998), fungal alteration of organically coated sand grains
was expected. Microbially mediated etchting has been described by several authors (Cabrera
et al., 1954; MacInnis and Brantley, 1992; Maurice et al., 1996; Gadd, 2010). Callot et al.
(1987) presented siderophore-producing fungi that under laboratory conditions had etched
pits of > 100

µ

m depth. Etched pits of > 1

µ

m depth has been documented on silicate

surfaces colonized by oil degrading bacteria (Hiebert and Bennett, 1992).

Siderophore-

producing bacteria formed etch pits of maximum 95 nm on iron silicate surfaces (Buss
et al., 2007). Bacterially mediated etch pits of approximately 0.22

µ

m in depth have been

measured with scanning force microscopy (Pace et al., 2005). Using atomic force microscopy
Becker et al. (2011) determined a maximum depth of about 50 nm on pyrite surfaces,
whereas threefold depths in calcite have been generated by Shewanella oneidensis (Luttge
and Conrad, 2004; Luttge et al., 2005).
etch 0.21 and 0.26

µ

Within 33.5 hours Shewanella oneidensis may

m deep into calcite and dolomite, respectively (Davis et al., 2007). A

study on black slate demonstrates alteration of the rock surface during oxidative weathering
(Fischer and Gaupp, 2005). Fischer et al. (2007) provided evidence for the control of rock
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surface reactivity and topography on the OM degradation. On this basis etch pit generated
by S. commune of 0.18 to 0.20

µ

m depth were measured on black slates (Siegel, 2010).

Comparative to this study, previous studies on etch pit formation have utilized dierent
microbial species incubated on dierent minerals or rocks and dierent incubation conditions.
Therefore deviations in etch dimensions are anticipated. The conditions used in this study is
most similar to the ones in Siegel (2010): with the same microorganism, the same mineral
medium, and with similiar physical conditions.

They applied black slate, which contain

minerals similar to organically coated sand grains but in dierent quantities: quartz, OM
and clay minerals. Siegel (2010) observed etch pit depths of similar depth to those measured
on the organically coated sand grains. Etch pit depths are in the same order of magnitude,
even though OM from black slates has a higher maturation than OM on sand grains. This
indicates the importance of the microbial species and incubation conditions for the etch pit
depth. The deepest etch pits probably appear due to maximum exoenzyme production. Tien
and Kirk (1988); Irshad and Asgher (2011) identied the following conditions for maximum
exoenzyme production of S. commune:

4

·

at

ðH

2

°

4.5, 35 C, with MnSO

4

as mediator and

addition of MgSO 7H O. High production rates of extracellular enzymes and deep etching
are assumed because similar conditions were applied in this study.
Statistical surface parameters were not determined, because they are likely unprecise when
irregular, single structures are described.

Roughness parameters are helpful for homoge-

neously distributed topographical changes, even for mixtures of surface building blocks such
as Fischer and Luttge (2007) investigated. Here, a much larger eld-of-view and a multitude
of pits is required for statistical analysis of surface roughness alteration.
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5.3 Fungally mediated compartmentation of organic
coatings
Ultrathin foils of organically coated sand grains were studied with STXM spectromicroscopy
in order to identify changes in functional group concentrations caused by fungal alteration.
Foil I, cut out from organically coated sand grains inoculated with S. commune, and foil II,
devoided of fungal inuence were compared.

Based on spectroscopic dierences, more

specically the carboxyl content, compartments were distinguished on both foils: On the
top the platinum strap in mid-gray is displayed and at the bottom of the foils quartz is
imaged in dark gray (Fig. 5.8).

In between the platinum strap and the quartz, organic

coatings are highlighted by blue outlines. Additionally, foil I pictured in Fig. 5.8 (A) includes
fungal biomass between the platinum strap and the organic coating.

Figure 5.8:

Stack maps of inoculated foil I (A) and non-inoculated foil II (B). The red
outline marks the fungus, whereas blue outlines highlight the organic coating.
The platinum strap is on the top of the image and the quartz grain is at the
bottom.

Distribution maps given in Fig. 5.9 (A) and (B) were generated by subtracting the image at
288.5 eV from the image at 287.6 eV and converting into optical density (OD) units. They
show areas absorbing at 288.5 eV in bright. Nitrogen distribution on foil I and II is illustrated
in Fig. 5.9 (C) and (D) after images above and below the N K-edge (at 397.7 and 410.2 eV)
were subtracted and converted into OD units. Foil I, incubated with S. commune is displayed
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in Fig. 5.9 (A) and (C) and Fig. 5.9 (B) and (D) show subtraction images at the same
energy range obtained on foil II devoid of fungal inuence. All images in Fig. 5.9 display the
platinum strap at the top and the quartz at the bottom, separated by the organic coating.
Using STXM-based energy ltered imaging fungal biomass in light gray can be distinguished
from the organic coating in dark gray on the carbon distribution map given in Fig. 5.9 (A).
Distribution maps at the C K-edge and at the N K-edge in Fig. 5.9 (A) and (C) highlight the
area between the fungus and the organic coating. Fig. 5.9 (B), (C) and (D) show further
highlighted areas, especially at the border to the platinum strap. Bright areas on the carbon
distribution map (Fig. 5.9 (A) and (B)) reect the energy transition at 288.5 eV, which
was assigned to carboxyl groups (Gordon et al., 2003) or polysaccharides (Benzerara et al.,
2005b). The nitrogen enrichment is shown brightly in Fig. 5.9 (C) and (D).

Figure 5.9:

Distribution maps generated by subtraction of images and converted into OD
units, (A) and (B) show images at 288.5 eV substracted from images at 287.6 eV
of foil I and foil II, respectively, (C) and (D) illustrate subtracted images above
and below the N K-edge (at 397.7 eV and 410.2 eV) of foil I and foil II,
respectively.
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Discussion
The peak at 288.5 eV can be interpreted as polysaccharides, whereas proteins possibly
explains the nitrogen enrichment.

Therefore, N content possibly was caused by protein

excretion, which occurred at the microbe-mineral interface. In the following the term altered organic coating will be used for the highlighted area below the fungus displayed in
Fig. 5.10. The unaected part of the organic coating will be called genuine organic coating
(Fig. 5.10). Furthermore, NEXAFS spectra of the fungus were obtained to compare fungal
biomass with both the altered and the genuine organic coating.

Figure 5.10:

Compartments of incubated organically coated sand grains illustrated on a
distribution map of foil I. The fungus is outlined in red, whereas the altered
organic coating is marked green and the genuine organic coating is highlighted
blue. The platinum strap can be seen on the top and the quartz grain at the
bottom.

5.4 Alteration in the chemical speciation of organic
coatings
STXM experiments performed at the C, N, and O K-edge have allowed investigation of
the chemical alteration of the organic coating caused by the fungus. NEXAFS spectra at
the C K-edge measured on fungal biomass as well as altered and genuine organic coating
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include the same major absorption peaks at 285.1, 286.6 and 288.5 eV. (Fig. 5.11). These
peaks can be interpreted as C 1s

p

* electronic transition of aromatic bonds (C=C) (Rabe

et al., 1988; Cody et al., 1996; Boyce et al., 2002), phenolic bonds (Ar-OH) (Myneni,
2002; Benzerara et al., 2004) and carboxyl groups (COOH) (Gordon et al., 2003; Lawrence
et al., 2003; Kleber et al., 2011), respectively.

sv

C 1s-3p

A shoulder at 289.5 eV is attributed to

* transitions of O-alkyl C (C-O) (Solomon et al., 2009; Kleber et al., 2011).

The shift to a slightly lower energy from spectra measured on genuine organic coating
to reects a change from carboxyl-bearing to mixed (carboxyl- and amide-rich) molecules
(Gordon et al., 2003; Brandes et al., 2004). The presence of carboxyl groups in the genuine
organic coating is indicated by the peak at 288.5 eV, whereas proteins in the altered organic
coating are conrmed by the peak at 288.2 eV (Lawrence et al., 2003; Benzerara et al.,
2005b). Fig. 5.11 shows peaks at 297.1 and 299.8 eV. Their energy position is consistent

p

with 1s

* electronic transition of potassium at the K

Figure 5.11:

2,3

L-edge (Abramson et al., 2009).

C-1s NEXAFS spectra obtained on organically coated sand grains incubated
with S. commune. The fungus is marked red, the altered organic coating green
and the genuine organic coating blue.

Major peaks are marked by dashed

lines. They were assigned to aromatic bonds (C=C), phenolic bonds (Ar-OH),
carboxyl groups (COOH), O-alkyl C (C-O) and potassium (K).
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The two bands at the lowest energy are assigned to N 1s electronic transitions to the

p* orbitals of C=N character (Hitchcock and Ishii, 1987; Myneni, 2002; Vairavamurthy and
Wang, 2002; Gordon et al., 2003).

sv C-N

are attributed to N 1s

*

The energy features located at 405.6 and 406.6 eV

sv N-H

and N 1s

*

electronic transitions, respectively (Gordon

et al., 2003). The altered organic coating exhibits stronger absorption peaks compared to
the genuine coating.

Figure 5.12:

Spectromicroscopic spectra of fungal inuenced organic coatings on sand
grains at the N K-edge. Major peaks are marked by dashed lines. They were
assigned to C=N characters, C-N, and N-H groups.

The NEXAFS spectra at the O K-edge are dominated by a sharp peak around 531 eV and a
broad feature around 539 eV (Fig. 5.13). A peak shift was observed from 531.1 eV for the
genuine organic coating to a slightly higher energy (531.6 eV) for the altered organic coating.

p O=C

O 1s

*

transitions of ketones and aldehydes are attributed to exhibit around 531 eV

and carboxylic acids, esters, and amides exhibit around 532 eV (Myneni, 2002; Urquhart
and Ade, 2002). The peak shift reects changing composition from ketone- or aldehyderich molecules to a mixture of carboxylic acids, esters, amides, ketones and aldehydes. The
broad feature around 539 eV can be assigned to

sv* excitations of various C-O groups (Zhong

et al., 2011). This absorption peak has similar intensities for the altered and for the genuine
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organic coating. Furthermore, the characteristic double peak structure in the energy range
of 537  543 eV is suggested to be caused by the presence of OH (Tzvetkov et al., 2008).

Figure 5.13:

STXM observations at the O K-edge of incubated organically coated sand
grains. Major peaks are marked by dashed lines. They were assigned to C-O
bonds of ketones and aldehydes as well as carboxylic acids, esters, and amides
(C=O) and various C-O groups (C-O).

Discussion
X-ray absorption patterns reveal the following dierences between the altered and the genuine organic coating as well as the fungal biomass: a decrease in aromatic and phenolic
groups, changes from carboxylic to mixed carboxyl- and amide-rich functional groups, an
enrichment in nitrogen-rich compounds and the alteration from ketonic and aldehydic Obonds to more carboxyl acid-, ester-, and/or amide-rich molecules. The NEXAFS spectra
of the organic coating obtained on the non-inoculated control sample and spectra measured
on the genuine organic coating have similar peak positions with negligible dierences in
intensity.
Several recent studies have demonstrated the degradation of organic-rich material by microbes. Investigations of Hofrichter et al. (1997), Fakoussa and Hofrichter (1999) and Machnikowska et al. (2002) revealed fungal attack on coal. Microbial degradation of OM in black
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shale was shown by Petsch et al. (2001), Wengel et al. (2006), Seifert and Gleixner (2008)
and Matlakowska et al. (2010). In particular the breakdown machinery of S. commune contains the lignin-degrading enzymes peroxidases, laccases, glucose oxidases, benzoquinone
reductases, carbohydrate-active enzymes, carbohydrate esterases, glycosyl hydrolases and
pectin hydrolases (Ohm et al., 2010). The strong absorption at an energy characteristic for
proteins (288.2 eV) (Urquhart and Ade, 2002; Gordon et al., 2003; Brandes et al., 2004)
obtained at the altered organic coatings indicates the appearence of (extracellular) proteins
between the fungal biomass and the genuine organic coating. The potential of exoenzymes
in fungal degradation has been demonstrated (Leonowicz and Trojanow, 1965; Kirk et al.,
1992; Barr and Aust, 1994; Hofrichter et al., 1999). Extracellular peroxidases and laccases of
fungi have been described to catalyze radical formation by one-electron oxidations (Leonowicz et al., 1984, 1991, 1999). Radicals can initiate bond cleavage and generate aromatic
and aliphatic products (Kirk et al., 1992; Leonowicz et al., 1999). Manganese peroxidases
have been obtained during phenol oxidation and during direct degradation of aromatic substances to carbon dioxide (Kirk et al., 1992; Fakoussa and Hofrichter, 1999; Leonowicz et al.,
1999). The decrease in phenols and aromates in the altered organic coatings compared to
the genuine organic coatings may originate from bond cleavage. Degradation of aromatic
compounds to carbon dioxide is supposed, since no aliphatic features (absorption peak at
287.1 or 288 eV (Cody et al., 1996)) were identied at the altered organic coating. Oxidation and aromatic cleavage of humic substances owing to the biodegradation by white-rot
fungi has been demonstrated (Grinhut et al., 2007).
The increase in nitrogen-rich bonds and carboxyl acid-, ester-, and/or amide-rich molecules
at the microbe-mineral interface supports the idea of extracellular proteins on the organic
coating. The white-rot fungus seems to excrete spatially organized enzymes at its boundary
to the mineral. Fungal attack by S. commune results in chemical alteration of organically
coated sand grains.

The fungus may benet from dissolution of the organic coatings on

sand grains by obtaining essential elements like K, Ca, Mg, Fe and S (Ehrlich, 1996; Grin,
1996; Aouad et al., 2006; Benzerara et al., 2007). OM decomposition may also result from
fungal activity during carbon and energy metabolism (Gadd, 2007).
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5.5 Fungal inuence on the heavy metal retention of
coated sand grains
Four dierent initial Cu concentrations (0.005, 0.01, 0.05 and 0.1 mmol) were applied
to obtain sorption isotherms of organically coated sand grains in the presence and in the
absence of S. commune. Concentrations in the liquid phase varied negligibly between the
two samplings (Table 5.1).

In the presence of the white-rot fungus a decrease of 4.4%

in the averaged Cu concentration took place within 3 days. The presence of coated sand
grains caused a reduction of Cu concentrations of up to 99.8%. The presence of coated
sand grains and the fungus S. commune reached up to 99.7% Cu removal from the liquid
phase.

Table 5.1: Average Cu concentrations of batch experiments. The rst sampling was perform
after 1-2 hour(s) and the second after 3 days.

Abbreviation:

(-), below the

detection limit.
ingredients

coated sands

Cu addition

Cu concentration [mg/l]

[mmol]

initial

rst sampling

second sampling

0

0

-

-

0

0

-

-

0

0

-

-

coated sands +
S. commune

0.005

0.318

0.004

0.004

coated sands +

0.01

0.636

0.004

0.004

Cu

0.05

3.178

0.005

0.005

0.1

6.355

0.013

0.012

S. commune +

0.005

0.318

0.303

0.311

Cu

0.1

6.355

5.597

5.935

coated sands +

0.005

0.318

0.008

0.005

S. commune +

0.01

0.636

0.006

0.004

Cu

0.05

3.178

0.019

0.010

0.1

6.355

0.031

0.018
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Fig. 5.14 shows the sorption results and the equilibrium sorption isotherms of the Freundlich,
Langmuir, and BET model type for the sorption of Cu to coated sand grains in the presence and absence of S. commune. The nonlinearity of sorption isotherms could be proven
(Fig. 5.14). At equilibrium concentrations of Cu in the liquid phase are higher in the presence
than in the absence of the white-rot fungus. However, dierences are negligible due to the
fact that a maximum of 0.3% additional Cu were removed in the batch experiments without
fungal inoculation. Sorption isotherms from experiments with fungal biomass have a higher
isotherm linearity than those without fungal inuence. Parameter values and coecients of
determination of all three models are given in Table 5.2. The coecients of determination
ranged from 0.983 to 0.991. All models gave a good t to the experimental data.

Figure 5.14: Freundlich, Langmuir, and BET sorption isotherms of Cu for organically coated
sand grains in the presence and in the absence of S. commune (by Christopher
Scholz).
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Table 5.2: Parameters of equilibrium sorption isotherms in the absence and in the presence

-1

F

of S. commune. Abbreviation: K , Freundlich coecient, n , Freundlich expo-

L
2
and R , coecient of determination.

nent, K , Langmuir adsorption coecient, A

Isotherm

Parameter

Unit

F
-1
n
2
R

Freundlich

presence

131.034

1150.604

0.258

0.801

0.983

0.990

l/kg

1525.200

35.6160

mg/kg

41.059

112.815

0.983

0.991

L
max
2
R

l/kg

1552.081

38.400

mg/kg

40.642

104.887

0.983

0.991

A

K
BET

l/kg

absence

L
max
2
R

K
Langmuir

maximum adsorption capacity

Value in S. commune 's

model
K

max ,

A

Discussion
The organically coated sand grains removed signicant amounts of Cu from solution. Cu
had a high anity to organically coated sand grains demonstrated by the low concentrations
in the liquid phase at equilibrium.

The Cu concentrations in the liquid phase decreased

after the addition of S. commune and/or due to the presence of organically coated sand
grains. The binding of Cu to the organic matter is interpreted as a sorption-driven process,
because fungal biomass and coated sand have been demonstrated to be eective heavy metal
sorbents (Baldrian, 2003; Roselt et al., 2004). The coecients of determination indicate
that Cu sorption onto coated sands ts to the Freundlich, Langmuir, and BET models.
All models can serve as potential explanations for the adsorption of Cu onto coated sands.
Presumably, good tting results from few data points and Cu concentrations.
The nonlinearity of the sorption isotherms indicates that added Cu is bound with weaker
energies at higher Cu concentrations in the liquid phase. The addition of fungal biomass
to the coated sand grains caused no further Cu removal. Instead, a slight increase of the
Cu concentration in the liquid phase at equilibrium resulted due to the fungal biomass addition. Since no saturation was reached, the maximum sorption values remain speculative.
Stringfellow and Alvarez-Cohen (1999) and Ran et al. (2002) hypothesized nonlinearity for
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sorption of organic matter and nonlinearity for adsorption to biomass.

The decrease in

Cu adsorption may be explained by fungal alteration of the organic coatings on the sand
grains because the sorption to organic matter exceeds the sorption to mineral several times
(Lair et al., 2007). This is supported by the STXM observations, that proved the degradation ability of the basidiomycete to phenolic and carboxylic groups. These functional groups
have a central role in the binding of metal ions (Frimmel, 1990; Uchimiya et al., 2011). Ion
exchange and complexation are dominant sorption processes in soil and sediment (Adriano,
2001; Zhang et al., 2011). Especially Cu has been demonstrated in a complex form with
organic matter (Hodgson et al., 1966). E.g. the complexation by organic substances have
been shown to be an eective mechanism of Cu retention in soil (Bloomeld and Sanders,
1977). As a result of the degradation ability of the white-rot fungi, the organic coatings on
sand grains might be altered. Phenolic and carboxylic groups were decomposed and therefore the heavy metal retention of coated sand grains presumably decreased. Furthermore,
fungi interact with metals and aect their mobility. They can mediate metal solubilization
by leaching, bioweathering, biodeterioration, biocorrosion, redox reactions and methylation
(Gadd, 2010). In this study, bioweathering and biodeterioration were expected to cause a
decrase in Cu adsorption. Fungi can induce immobilization of heavy metals by biosorption,
intracellular accumulation, biomineral formation and sorption (Gadd, 2010). Extracellular
fungal products like melanins can cause the formation of complexes or the precipitation
of heavy metals eciently due to bioadsorbtion (Gadd and Rome, 1988; Gadd, 1993a).
Fungi produce exoenzymes in response to the presence of Cu (Caesar-Tonthat et al., 1995;
Baldrian, 2003). The fungal cell wall has the key role for heavy metals sorption (Gabriel
et al., 2001; Baldrian, 2003).

Even through fungi are applied in bioremediation or more

precisely in mycoremediation due to their immobilization eect to metals, contrary results
were obtained in this study. Organically coated sand grains inuenced by S. commune at
Cu concentration between 0.005 and 0.1 mmol adsorbed less Cu than coated sand grains
without fungal inoculation.
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6.1 Evolution of organically coated sand grains
The surface topography in combination with the chemical composition of organically coated
sand grains sampled in the open cast mining Profen was investigated for the rst time in
this study. Also their sedimentology and petrology was studied to interpret their evolution
as a sedimentological phenomenon. Sedimentary structures, trace fossils, bioturbation and
heavy mineral assemblages indicate quartz grain deposition in a shallow marine environment.
Interbedding of roots, coal and plant fragments in marine sand suggests reworking of nearby
peat and sedimentation together with the sand. The quartz sand beds were subroded and
eroded. Dissolution on quartz surfaces is indicated by alteration marks, which might result
from calcite cementation. The (sub)tropical climate led to intense weathering and elements
prone to weathering were relatively decreased. Acidic solutions from overlying coal seams
probably dissolved calcite cements and hence caused a high porosity for the organically
coated sand.

Due to the large grain size, a high conductivity can be assumed for the

coated sand beds. Organic matter in the descending water most likely precipitated on the
sand grain surfaces as organic coatings and reached an average thickness of 6.4

µ

m. The

non-continuous organic layer embedded heterogenuously distributed minerals such as heavy
mineral assemblages, pyrite and sheet silicates. Chemical analysis revealed that the organic
coatings are highly functionalized aromatic compounds with plant derivation and with a high
chemical maturation degree. Remobilization of OM is expected to have occurred owing to
its high solubility in polar solvents.

Therefore, DOM was formed.

DOM migrated along

groundwater pathways, where it could reprecipitate onto sand grains. Organically coated
sand grains were preserved in subrosion depressions despite erosion. Shrinkage cracks suggest
sorption of the OM on the quartz grains and volume decrease due to natural dehydration.
In short, the organic coatings formed postsedimentary on sand grains.
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The microscopic and chemical knowledge of organically coated sand grains provides a better
understanding of the evolution of grain coatings as a sedimentological process. It may be
important for the understanding of the transport and stability of organic matter in sediments.

6.2 Fungal alteration of organically coated sand
grains
The SEM-EDX, VSI, STXM and NEXAFS revealed signicant dierences between inoculated
and non-inoculated sand grains in surface topography and chemical composition due to the
inuence from the fungus S. commune. The formation of microbially mediated minerals and
etch pits was demonstrated. The microbial inuence is assumed due to the vicinity of the
microbial biomass to the minerals and to the etch pits. Both occurred only on inoculated
samples.

µ

m-size individual crystals and smaller mineral crystals, encrusting the fungal

hyphae were found. The majority tentatively was assigned to the calcium oxalates whewellite
and weddellite owing to their bi-pyramidal structure and elemental composition. The calcium
oxalate precipitation presumably was caused by oxalic acid excretion and reprocessing of the
substrate.

Further crystals were assigned to sheet silicates such as booklets of kaolinite.

S. commune aects the presence and availablity of minerals and metals. The neogenesis of
minerals demonstrates the ability of the basidiomycete to change its microenvironment to
be suitable for precipitation.
Etch pit formation on organically coated sand grains was revealed with the VSI technique.
Their dimensions (0.88
depths reached 0.63

µ

µ

m width and 4.22

µ

m length) are similar to fungal hyphae. The

m, which approximately is one tenth of the organic coatings on sand

grains.

Etch pits can be clearly distinguished from the rough surface of the coated sand

grains.

Hyphae were found entombed within their own etch pits.

solution of quartz surfaces was detected.

No indication for dis-

Microbially mediated compartmentation of the

organic coatings was demonstrated with STXM and NEXAFS. Altered organic coating with
a dierent chemical composition was revealed between the fungus and the genuine organic
coating. Nitrogen enrichment, proteins and the spatial distribution led to the assumption of
spatially organized extracellular enzymes at the microbe-mineral interface. Aromatic, phenolic, ketonic and aldehydic functional groups were degraded, whereas carboxyl acid, ester,
and amide-rich molecules were enhanced in the altered organic coating. Dissolution may
have been caused due to an attack on the organic coating by spatially organized exudates.
The alteration structures are the evidence of the ability of S. commune to modify also other
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organic structures than lignin. The results indicate heterogeneous degradation of organic
coatings on sand grains that are inuenced by fungal colonization.

It is likely that the

degradation is limited to the organic coatings. White-rot fungi can excrete e.g. manganese
peroxidase. They may oxidize phenols and degrade aromatic substances to carbon dioxide.
The requirement for essential minerals, carbon or energy metabolism may be a potential
explanation. It can be concluded that the retention ability of organically coated sand grains
is decreased by microbial colonization due to the complexation of heavy metals to functional groups. This was indicated in batch experiments. The percentage of adsorbed Cu
to the coated sand in the presence of S. commune was lower than in the absence of the
fungus, but dierences after 3 days were negligible.

It can be concluded that long-term

exposition of organically coated sand grains to oxidative and fungal degradation potentially
decreases their reliability for remediation.

All in all, Cu was eectively adsorbed by sand

grains coated with organic matter. The heavy metal retention of coated sand grains may
decrease by microbial degradation processes and increased due to additional adsorption capacity of the fungal biomass. Nevertheless, the application of organically coated sand grains
for remediation purposes will have to take destabilization of organic matter into account.
Nano-analytical approaches such as STXM and NEXAFS provided new insights into microbemineral interactions, which aect many geological processes.

Topographic and chemical

changes of carbonaceous material were demonstrated in this study.

It can be concluded

that exposition of organic-rich sediment to an oxygenated environment and to microbial
colonization can cause degradation of organic matter.
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Appendix
A1
Major elemental oxide contents of organically coated sand grains
Abbreviations: UCC, upper continental crust (Canadia Shield) (Shaw et al., 1967; Wedepohl,
1995), (-), below the detection limit, LOI, loss on ignition.

concentrations

P2

P3

P4

P5

UCC

-

-

-

-

-

0.01

0.01

0.01

0.01

0.15

0.11

0.09

0.06

0.09

3.1

0.07

0.11

0.04

0.04

3.5

CaO

0.11

0.17

0.22

0.16

4.1

MgO

-

0.02

0.02

-

2.2

MnO

-

-

-

-

0.07

2 3
Al2 O3
TiO2
SiO2

0.11

0.10

0.11

0.12

4.4

0.96

0.67

1.10

0.79

14.6

0.05

0.11

0.20

0.15

0.52

98.23

98.12

98.02

98.36

64.9

LOI

1.79

2.35

3.64

3.36

-

[wt%]

3
P2 O5
K2 O
Na2 O
SO

Fe O
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A2
Trace element contents of organically coated sand grains
Abbreviations: UCC, upper continental crust (Canadia Shield) (Shaw et al., 1967; Wedepohl,
1995), (-), below the detection limit.

concentrations

P2

P3

P4

P5

UCC

V

10

7

8

11

98

Cr

5

-

6

-

126

Co

-

-

-

-

24

Ni

24

24

23

24

56

Cu

6

1

1

2

25

Zn

-

-

-

-

65

Rb

10

7

8

9

78

Sr

17

17

21

21

333

Y

6

4

9

7

24

Zr

71

64

164

130

203

Nb

4

5

9

10

27

Ba

39

32

29

39

584

Pb

8

6

7

8

15

U

-

-

-

-

2

S

3024

917

1633

1645

697

Cl

-

-

-

-

472

[ppm]
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A3
Results of elemental analysis of organically coated sand grains

P2

P3

P4

P5

C [wt%]

H [wt%]

N [wt%]

S [wt%]

O [wt%]

1.52

0.07

0.02

0.18

12.18

12.37

1.52

0.07

0.01

0.19

12.47

12.35

1.29

0.06

0.01

0.13

12.91

12.57

1.22

0.05

0.01

0.13

13.84

12.33

1.60

0.07

0.02

0.12

11.22

11.42

1.60

0.08

0.02

0.12

10.88

10.51

1.86

0.13

0.02

0.21

11.45

11.82

1.84

0.14

0.02

0.23

11.75

11.59

A4
SEM image of coated sand grains and EDX spectrum of of the highlighted area
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A5
TEM-EDX analysis of organic coatings separated from sand grains

A6
Representative XRD spectrum of organically coated sand grains
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A7
SEM-EDX image of insular organic coatings on sand grains
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A8
Thickness of organic coatings on sand grains
SEM was applied on thin sections and VSWLI technique utilized on coated grains.

SEM

VSWLI

1.7

9.9

3.3

5.3

5.0

3.2

2.7

3.8

7.0

1.2

5.4

7.3

10.8

6.8

1.1

5.5

4.4

3.4

2.2

2.9

determined

1.8

10.2

thickness

8.9

9.3

[ m]

16.1

9.5

1.4

8.4

3.6

9.4

5.7

7.9

15.0

7.4

20.0

6.6

0.8

8.5

1.3

4.1

25.0

3.2

2.5

1.0

2.9

10.9

average

6.5

6.3

standard deviation

6.6

3.0

µ
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A9
Pyrogram of organic coatings separated from sand grains

Abbreviations: (1) 2-Methylfuran, (2) Methyl-1,3-cyclopentdiene, (3) Benzene, (4) Dimethyl1,3-cyclopentadiene, (5) Toluen, (6) 2,4-Pentadienal, (7) C2-Benzene, (8) 2-Methyl-2cyclopenten-1-one, (9) Phenol, (10) C3-Benzene, (11) 2-Methylphenol, (12) 3,4-Methylphenol,
(13) 2-Methoxyphenol, (14) p-Ethylphenol, (15) Naphthalene, (16) Methylnaphthalene,
(17) Dimethylnaphthalin.
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A10
Delta-13 C values of organic coatings separated from sand grains

substances

d13C

standard deviation

Benzene

-29.61

0.69

Thiophene

-30.33

0.71

Toluene

-33.63

0.70

2-Methylthiophene

-27.71

0.16

3-Methylthiophene

-27.79

0.99

unknown-Lipid

-28.98

1.88

2,4-Pentadienal

-22.22

0.22

m-Xylen

-29.93

0.92

p-Xylen/Dimethylthiophene

-30.39

0.62

Dimethylthiophene

-23.96

0.17

o-Xylen + Styren

-28.45

1.10

2-Methyl-2-cyclopenten-1-one

-23.88

0.22

Phenol

-29.53

0.54

C3-benzenes

-26.59

0.11

C3-benzenes

-28.34

0.50

2,3-Dimethylcyclopenten-1-one

-24.31

0.86

2-Methylphenol

-28.22

0.67

Indene

-28.92

2.07

3,4-Methylphenol

-27.25

0.45

2-Methoxyphenol

-23.24

0.64

unknown (aromatic substance)

-28.46

0.83

Dimethylnaphthalin

-31.60

2.76

Trimethylnaphthalin

-25.28

0.96

Lipid (alken, branched)

-29.88

0.54

Lipid (alkan)

-31.71

0.28

Lipid (alkan)

-29.39

0.16

Lipid (alken, branched)

-32.37

1.70

Lipid (alken, branched)

-32.56

0.89
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A11
SEM images of microbially mediated minerals

A12
Dimensions of six representative etch pits measured on the basis of VSI data
sets as well as their average and standard deviation

µ

µ

µ

depth [ m]

diameter [ m]

length [ m]

1

0.57

0.98

4.25

2

0.78

0.77

4.24

3

0.55

0.71

4.11

4

0.81

0.79

3.44

5

0.61

0.77

5.21

6

0.45

1.23

4.08

average

0.63

0.88

4.22

standard deviation

0.14

0.2

0.57
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A13
Cu concentrations of batch experiments
The rst sampling was perform after 1-2 hour(s) and the second after 3 days. Abbreviation:
(-), below the detection limit.

ingredients

Cu addition

Cu concentration [mg/l]

[mmol]

initial

rst sampling

second sampling

0

0

-

-

0

0

-

-

0

0

-

-

0

0

-

-

0

0

-

-

0

0

-

-

0.005

0.318

0.005

0.234

0.005

0.318

0.360

0.239

0.005

0.318

0.013

0.23

0.1

6.355

3.46

6.365

0.1

6.355

3.54

6.31

0.1

6.355

3.612

6.2573

0

0

0.0356

0.068

0

0

0.022

0.038

0

0

0.0185

0.0285

coated sands

0

0

-

-

+

0

0

-

-

S. commune

0

0

-

-

coated sands

Cu

S. commune
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ingredients

Cu addition

Cu concentration [mg/l]

[mmol]

initial

rst sampling

second sampling

0.005

0.318

0.004

0.004

0.005

0.318

0.004

0.004

0.005

0.318

0.004

0.004

0.01

0.636

0.004

0.004

coated sands

0.01

0.636

0.004

0.004

+

0.01

0.636

0.004

0.004

Cu

0.05

3.178

0.0044

0.005

0.05

3.178

0.006

0.0041

0.05

3.178

0.006

0.0046

0.1

6.355

0.02

0.0176

0.1

6.355

0.009

0.009

0.1

6.355

0.01

0.0104

0.005

0.318

0.304

0.312

0.005

0.318

0.305

0.308

S. commune +

0.005

0.318

0.2989

0.313

Cu

0.1

6.355

5.58

5.906

0.1

6.355

5.63

5.97

0.1

6.355

5.58

5.93

0.005

0.318

0.0004

0.0069

0.005

0.318

0.00002

0.004

0.005

0.318

0.00007

0.004

coated sands

0.01

0.636

0.002

0.00449

+

0.01

0.636

0.0003

0.004

S. commune

0.01

0.636

0.0008

0.0046

+

0.05

3.178

0.000002

0.096

Cu

0.05

3.178

0.002

0.0099

0.05

3.178

0.001

0.0092

0.1

6.355

0.001

0.01762

0.1

6.355

0.0007

0.01842

0.1

6.355

0.0006

0.019
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