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   Introduction 

1.1 Microbial life 

Since the early Precambrian, microbial life significantly contributes to the global biomass and 

drives element cycles in the geo-, hydro-, and atmosphere (Banfield and Nealson, 1997; Ehrlich, 

1998; Fenchel and Finlay, 1995; Schieber et al., 2007). Apart from controversies on the 

metabolism of the first cellular forms, i.e. heterotrophy vs. autotrophy (Wächtershäuser, 1990; Bult, 

1996; Stetter, 1996; Ehrlich, 2002), microbial communities formed by chemolithoautotrophic and 

chemoheterotrophic microorganisms may be the most ancient ecosystems on Earth (e.g. 

Wächtershäuser, 1988; Teske and Stahl, 2002). Early life on Earth probably developed in the 

subsurface, protected from radiation penetrating the forming atmosphere and meteoric impacts 

(Trevors, 2002; Russel, 2003; Bailey et al., 2009).  

Since the discovery of the first subsurface microorganisms in the 1930s, numerous reports 

followed, describing living chemolithoautotrophic and chemoheterotrophic microorganisms being 

well adapted to the nutrients and energy sources available at great depth (Lipman, 1931; Lieske, 

1932; Bailey et al., 1973; Belyaev et al., 1983; Pedersen, 1993, 1997; Chapelle, 2000). 

Continuation of the deep biosphere research led to the detection of novel organisms, metabolic 

pathways and adaption mechanisms (e.g. Sahl et al., 2008; Wanger et al., 2008), and growing 

knowledge on the Earth’s deep biosphere enabled to retrace fundamental element cycles and to 

deduce implications for the early evolution of life (for more details and references, see appendix 

A, Heim, 2011, “Terrestrial Deep Biosphere”).  

In the deep biosphere, as in any other aquatic environment, microorganisms often occur as 

aggregated communities, forming biofilms and microbial mats (Teske and Stahl, 2002). Wherever 

water and nutrients are available, any surface is rapidly covered with organic substances, followed 

by the colonization with microorganisms (bacteria, archaea, and unicellular eukaryotes), thus 

forming the initial stage of a biofilm. With time and under favorable conditions, further microbial 

species will consort resulting in a complex and diverse ecosystem at a submillimetre scale. 

Biofilms growing in thickness without disturbance can turn into decimeter thick microbial mats 

(Characklis and Marshall 1990; Teske and Stahl, 2002; Konhauser, 2007). Examples for recent 

microbial mats are shown in figure 1.1. An important characteristic of biofilms and microbial mats 

is the excretion of extracellular polymeric substances (EPS; Wingender et al., 1999). In most cases, 

EPS serve as protection against desiccation, extreme pH and temperature changes, enhance surface 

adhesion and stabilize biofilms and microbial mats (Wolfaardt et al., 1999). EPS is generally 

composed of polysaccharides, proteins, nucleic acids, lipids and humic substances (Nielsen et al., 

1997). The amount of EPS can exceed by far the volume of the producing cell.  
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Knowledge about microbial life in subterranean environments is the key to understand how life 

evolved and survived crises such as meteorite impacts, increased volcanic activity, or global 

glaciations such as the Late Precambrian Snowball Earth. Any attempt to reconstruct ancient 

microbial systems requires, first of all, a comparison with recent analogs and the determination of 

potential biosignatures for the microorganisms and metabolic pathways involved. The aim of this 

thesis was the study of recent chemolithotrophic and chemoheterotrophic mineralizing microbial 

mats in subsurface environments, with a focus on the establishment of biosignatures that can be 

related to their source organisms and the application of these biosignatures to the fossil record.  

 

Fig. 1.1. Mineralizing microbial mats formed by (A) iron oxidzing and (B) sulfur oxizing microorganisms, 

growing in subsurface aquifers in the Äspö Hard Rock Laboratory at ca. 150m depth. 

 

1.2 Biosignatures  

Biosignatures are traces of organisms which provide characteristic information about the organism 

itself and about the surrounding environmental conditions. These traces derive from the major 

characteristics of all living organisms, i.e. (i) their physical structure, (ii) their chemical 

composition (e.g., DNA, membrane lipids), and (iii) their metabolism and resulting interactions 

with the environment (Westall and Southam, 2006; Westall, 2008). Whereas these considerations 

hold true for all organisms, this thesis will place special emphasis on microbial biosignatures, due 

to their importance as drivers of manifold biogeochemical cycles. 

Living (micro-) organisms shape their environment by their presence and metabolic activity. This 

results in changes of the adjacent physico-chemical environment, leaving traces like biomorphs, 

organic molecules, stable isotope and elemental fractionations, biomineral deposits and corrosion 

marks.  

 

1.2.1 Morphological biosignatures 

Morphological remnants comprise the preservation of the physical structure of microorganisms (as 

body fossil), the surrounding colony, biofilm or microbial mat. This may also include traces like 
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etching or corrosion marks and borings of organisms that have altered the surrounding minerals 

(e.g. Banerjee et al., 2006; Staudigel et al., 2008; Cockell et al., 2009). 

Soft organic matter without hard shells or supporting framework undergoes rapid degradation after 

death. However, the fossilization of organic material is favoured when penetrating fluids cause a 

permineralization, e.g. silicification. Especially reactive surfaces of microbial cells or EPS act as 

“mineralizing templates”, via cation sorption and mineral nucleation (Fig. 1.2; Konhauser, 2007; 

Westall, 2008). The degree of encrustation or permineralization depends on the abundance of 

exposed functional groups within the organic matter.  

EPS, but also the thick peptidoglycan layer of Gram-positive bacteria seem to be more susceptible 

to cation and mineral sorption compared to Gram-negative bacteria with their thin peptidoglycan 

layers inserted between the outer lipopolysaccharide and inner phospholipid layer (Westall, 1997). 

The fossilization process itself can be described as passive mineralization (for details see Heim, 

2011; appendix B, “Microbial Biomineralization”) and is often observed for not “actively” 

mineralizing cells, biofilms and microbial mats (e.g. Toporski et al., 2002; Hofmann et al., 2008; 

Westall, 2008). Morphological features like lamination (Fig. 1.3 A), dendrites (Fig. 1.3 B), and 

growth response to current and sediment flux allowed a relation of Precambrian stromatolites to 

recent analogues formed by filamentous calcifying cyanobacteria (e.g. Reid et al., 2000; 

Kazmierczak and Kempe, 2006; Shiraishi et al., 2008; Dupraz et al., 2009). 

Other biomorphs observed in the geological record indeed show characteristic shapes, but their 

relation to their precursor organisms or processes is yet unclear (for example the dendritic 

microfossil Frutexites; for details see Rodriguez-Martinez et al., 2011; appendix C, 

“Frutexites”). Especially when reconstructing Precambrian life forms, the identification and 

interpretation of morphological biosignatures and their differentiation from pseudofossils or “look-

alikes” is still a major issue (McCall, 2006; Sugitani et al., 2007; Mc Loughlin et al., 2008; Schopf 

et al., 2010).   
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Fig. 1.2 Photomicrographs of a mineralizing microbial mat section, obtained by confocal Laser scanning 

microscopy. This microbial mat was formed by iron oxidizers in the Äspö Hard Rock Laboratory (HRL) at 

ca. 150m depth. (A) Color overlay of EPS (red, staining PSA_568), and microbial cells (green, staining sybr 

green). (B) The same area as in (A), with iron oxide precipitates made visible as white areas (reflectance). 

Note that, in this case, the mineral precipitates are predominantly associated with the EPS, rather than with 

the microbial cells. 
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Fig. 1.3 Morphological biosignatures derived from recent iron-oxidizing microbial mats growing on a 

granodioritic rock surface in the Äspö HRL. (A) Laminated structures using reflected light microscopy and 

(B) Frutexites-like, dendritic structures are visible under dark-field reflected light microscopy. 

1.2.2 Organic molecular markers / Biomarkers 

The term “biomarker” is occasionally used as a synonym for biosignatures, but traditionally, 

biomarkers refer to organic molecular markers (especially lipids) and therefore, in order to avoid 

misunderstandings, the more specific synonym “molecular biosignatures” has been suggested 

(Summons et al., 2008). In contrast to other biosignatures, organic molecules (biomarkers) provide 

evidence for a biosynthetic origin (Brocks and Pearson, 2005).  

Nucleic acids, amino acids, proteins and carbohydrates are essential and characteristic constituents 

of living organisms and are used as biomarkers for recent or potential extraterrestrial life traces 

(Kminek, 2000; Botta et al., 2002; Jia et al., 2008; Summons et al., 2008). However, lipids and 

pigments are more commonly used as biomarkers since they are more resistant to degradation. 

When suffering from diagenesis and catagensis during burial, lipid biomarkers may be altered, e.g. 

by defunctionalization and isomerisation. However, the hydrocarbon skeletons can be stable over 

billions of years and still bear source specific information (e.g., Brocks and Summons, 2004; Peters 

et al., 2004; Brocks and Pearson, 2005). The biomarker pattern extracted from ancient rocks may 

thus enable a relation between certain communities of microorganisms and their surrounding 

environment. This knowledge, together with an understanding of the potential degradation 

pathways helps to reconstruct ancient life forms and environmental conditions (Brocks and 

Pearson, 2005; Volkman, 2006; Summons et al., 2008). Due to distinctive biosynthetic pathways 

for certain lipids in bacteria, archaea and eukaryotes, some intact lipids, as well as their derived 

biomarker molecules, can be attributed to distinctive groups of organisms. For example, for the 

achievement of membrane rigidity, eukaryotic organisms produce sterols, whereas bacteria use 

predominantly hopanoids (Fig. 1.4, e.g., Volkman, 1986; Ourisson and Albrecht, 1992; Ourisson 

and Rohmer, 1992; Brown, 1998; Kannenberg and Poralla, 1999; Härtner et al., 2005; Summons et 

al., 2006). Likewise, bacteria and eukaryotes both synthesize ester-bound phospholipids, but 
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archaea contain ether-bound phospho- and/or glycerol-lipids (Koga et al., 1993; Wu et al., 1997; 

Hanford and Peeples, 2002; Rütters et al., 2002; Koga and Morii, 2007). Further, the detection of 

particular pigments like carotenoids indicates the presence of photosynthetic organisms (Fig. 1.4; 

Brocks et al., 2005; Brocks and Pearson, 2005).  

 

 

 
Fig. 1.4 Universal phylogenetic tree with lipid biomarkers specific for individual branches (modified after 

Brocks and Summons, 2004). 

1.2.3 Stable isotope signatures 

Specific stable isotope signatures, and the biosignatures described in the following, give only 

indirect evidence of the existence of organisms and consequently a critical and cautious 

interpretation is necessary.  

Primary biosynthesis of organic molecules is accompanied by isotopic fractionation of 13C over 12C 

(expressed as δ13C-values). 13C-depletion of organic compounds can therefore be interpreted as a 

biosignature (for a review, see Hayes, 2001). Low δ13C values in early Archaean rocks from Pilbara 

(Australia) and Isua (Greenland) are reported to harbor the oldest traces of life (e.g. Mojzsis et al., 

1996; Shidlowski, 2001). However, under certain circumstances (i.e. hydrothermal conditions), this 

fractionation can also result from abiotic Fischer-Tropsch type reactions (McCollom et al., 1999; 

van Zuilen et al., 2002; Horita, 2005). Accordingly, evidence for ancient life cannot solely rely on 

carbon isotopic signatures. 
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Other isotopic systems have been utilized as indicators for early life, namely sulfur (S) isotopes as 

indicator for sulphate reduction by sulphate reducing prokaryotes (SRP, Shen and Buik, 2004; 

Canfield et al., 2010), and nitrogen (N) isotope fractionation inferring microbial activity 

(Beaumont and Robert, 1999; Papineau et al., 2005), and the practicability of iron (Fe) isotopes as 

biosignature is investigated (Beard et al., 1999; Icopini et al., 2004). Experiments demonstrated a 

biologically induced isotope fractionation for the transition metals molybdenum (Mo), zinc (Zn), 

chromium (Cr), nickel (Ni) and mercury (Hg) (Berquist and Blum, 2007; John et al., 2008; 

Wasylenki et al., 2007; Sikora et al., 2008; Cameron et al., 2009). Fe and Mo isotopes are also 

used as palaeoenvironmental proxies, for the reconstruction of anoxic, or euxinic conditions in 

water or respectively sediments (Anbar, 2004; Matthews et al., 2004; Poulson et al., 2006; Siebert 

et al., 2006; Dauphas et al., 2007; Fehr et al., 2008).  

Alkaline earth elements like Ca and Mg are also examined as potential biosignature to reconstruct 

environmental conditions, as for example palaeo sea-temperatures (Nägler et al., 2000; Young and 

Galy, 2004) 

1.2.4 Biominerals 

Frequent products of microbial activity are biominerals, which are formed either under controlled 

crystallization conditions or, much more common, as a by-product of metabolic activity or organic 

matter-metal interaction (Lowenstamm and Weiner, 1989).  Depending on the formation processes, 

the minerals show a broad diversity and may differ distinctly from the inorganically formed 

equivalents, in shape, size, crystallinity, isotopic and trace element composition (Fig. 1.5; 

Konhauser, 1997; Weiner and Dove, 2003; Bazylinski et al., 2007; Haferburg and Kothe, 2007; 

Takahashi et al., 2007). In the following, the focus lies on the two major groups of microbially 

induced biominerals. For a more detailed overview on biominerals and mineral-forming 

microorganisms, see Heim (2011; appendix B, “Microbial Biomineralization”). 

Photoautotrophic, chemolithoautotrophic and chemoheterotrophic microorganisms form organic 

carbon molecules using light energy (phototrophs), or gain energy through redox reactions with 

inorganic and organic substrates such as H2, CO, CO2 (HCO3
-), CH4, NH4

+, H2S, SO4
2-, Mn(II), 

Mn(IV), Fe(II), and Fe (III) (Staley, 2002; Konhauser, 2007). These processes may induce the 

formation of carbonates, iron minerals or other mineral precipitates. The most abundant 

biominerals, both in terms of the quantities produced and their widespread distribution among 

different taxa, are calcium carbonate minerals (Lowenstamm and Weiner, 1989; Weiner and Dove, 

2003). Carbonate precipitation is commonly observed for photosynthetic microorganisms 

(cyanobacteria, algae) and results in the formation of a great variety of microbialites (Arp et al., 

2001; Reid et al., 2000; Burns et al., 2009; stromatolites, thrombolites). CaCO3 deposits can also be 

found in aphotic environments, such as recent and ancient methane seeps. Methane-derived CaCO3 
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precipitates form due to an increase in alkalinity which is caused by the anaerobic oxidation of 

methane (AOM) by consortia of methane oxidizing archaea and sulphate reducing bacteria (SRB) 

(Lein et al., 2002; Nauhaus et al., 2004; Peckmann and Thiel, 2004; Reitner et al., 2005).  

Iron biominerals are of particular geological significance, not only because they comprise 

approximately 40% of all minerals formed by organisms (Lowenstamm, 1986; Weiner and Dove, 

2003), iron oxidizing microorganisms may have played a central role for the massive deposition of 

banded iron formations (BIF) in the Precambrian (Konhauser et al., 2002). The mechanisms of BIF 

are widely discussed and scenarios involving abiotic and biotic processes have been proposed (e.g. 

Morris, 1983; Bau and Möller, 1993; Krapez et al., 2003; Kappler et al., 2005).  

1.2.5 Trace and rare earth elements (TREE) biosignatures 

Evidence of microbial activity can be obtained by distinct fractionations and or accumulations of 

elements such as iron (Fe), manganese (Mn), magnesium (Mg), cobalt (Co), nickel (Ni), copper 

(Cu), zinc (Zn), and molybdenum (Mo) (Silver, 1997; Lovley, 2000). These elements are known to 

have biochemical and physiological functions in metabolic pathways, for instance, Cu and Ni are 

included in proteins, and Mo is an important trace element necessary for nitrogen fixation (Zerkle, 

2006). Negatively charged surfaces of cells, EPS offer extensive surfaces for the biosorption of 

metals, whereas elements with a higher positive charge are preferentially sorbed (Texier et al., 

1999; Haferburg and Kothe, 2007). Both, metabolic activity and biomineral precipitation of 

chemolithoautotrophic and chemoheterotrophic organisms play an important role in TREE co-

precipitation and fractionation (Ferris et al., 2000; Anderson and Pedersen, 2003; Yoshida et al., 

2004; Haferburg et al., 2007; Takahashi et al., 2007). 
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Fig. 1.5 Biomineral formation within iron oxidizing microbial mats in the Äspö HRL. (A) Diverse iron oxide 

mineral phases using dark-field reflected-light microscopy; SEM images of (B) gypsum co-occurrence with 

Gallionella dominated microbial mats, (C) dendritic structures of ironoxides, (D) iron-oxide encrusted 

bacteria, (E) phosphate sphere formation. 
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1.3 Study site – Äspö Hard Rock Laboratory (Sweden) 

The Äspö Hard Rock Laboratory (HRL), operated by the Swedish Nuclear Fuel and Waste 

Management Company (SKB), is a tunnel drilled beneath the island of Äspö in south-eastern 

Sweden, ca. 400km south of Stockholm (Fig. 1.6 A, B) and serves as a testing site for the long-term 

storage of nuclear waste. The host rock of the Äspö site belongs to the Precambrian 

Transscandinavian Igneous Belt and consists of ~1.8 Ga old granitic to quartz-monzodioritic rocks 

(Wahlgren et al., 2006). 

The Äspö HRL offers a unique window into the deep terrestrial biosphere, where the growth of 

different microbial consortia strongly depends on the flow, oxygen content and the chemical 

composition of the fluids available. Diverse chemolithoautotrophic and chemoheterotrophic 

microorganisms cover rock-water interfaces along the tunnel, dominated by iron oxidizing, 

sulphate reducing and/or sulphite oxidizing microbial mats (e.g. Pedersen, 1993, 1997). 

Occasionally, microbial mats of phototrophic microorganisms were observed below artificial light 

(tunnel illumination).   

The recent subsurface biosphere in the Äspö HRL was used as a model system for the detection 

and characterization of microbial biosignatures and their relation to fluid composition and mineral 

fabrics within fractures. Vein minerals from 450m depth were sampled from drill cores (SKB core 

library) as potential archives for biosignatures, and were investigated to test the applicability of the 

results to the fossil record. Furthermore, a flow reactor experiment was designed to mimic 

conditions similar to fractures and cavities in the surrounding quartz-monzodioritic host rock. 

These reactors enabled the development of pristine microbial mats without contamination (Fig. 1.6 

C to E). Only chemically inert materials such as polytetrafluoroethylene (PTFE, Teflon®), PTFE – 

fibre glass, fluorinated ethylene propylene (FEP) and special PTFE – foam were used as 

construction materials to avoid biological contamination from the surrounding environment and 

chemical contamination from glass and plastic ware. The flow reactor systems and connection 

tubings were thoroughly sterilized with ethanol (70%, overnight) before underground installation. 

A flow reactor set consists of 4 different flow reactors, enabling to provide basic requirements for 

different microorganisms: illuminated and aerated (1), illuminated and air-tight (2), dark and 

aerated (3) dark and air-tight (4). The flow reactor sets were connected to three chemically 

differing aquifers, and were monitored for physicochemical fluctuations and the development of 

microbial mats in regular intervals of 2-3 months (Fig. 1.6 F to H). 

The microbial mats developing in the dark and air-tight flow reactors of two aquifers were 

dominated by Gallionella ferruginea, an auto- and mixotrophic, microaerophilic, iron-oxidizing 

bacterium that uses Fe(II) as an electron donor and CO2 or carbohydrates as carbon source 

(Hallbeck and Pedersen, 1991; Hallbeck et al., 1993). Because iron oxidizing bacteria have been 

hypothesized as crucial players in the processes that formed Archaean and Proterozoic banded iron 
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formations (BIF) (e.g. Konhauser, 2002; Kappler and Newmann, 2004), G. ferruginea dominated 

microbial mats were investigated for potential biosignatures, namely molecular biosignatures, iron 

oxide biomineralization phenomena, and TREE accumulation (Heim et al., 2009, chapter 4; Heim 

et al., in revision, chapter five). 

 

 

Fig. 1.6 (A) Location of the Äspö Hard Rock Laboratory, (B) 3-D-scheme of the tunnel and the major 

fracture zones modified after Laaksoharju and Wold (2005), colour changes of the tunnel sections indicate 

differences in the hydrochemistry of the aquifers (B). Assembly of the flow reactors (C - E), flow reactor set 

installed at tunnel site 2156B (F), opened flow reactors containing different microbial mats according to the 

conditions offered: dark and air-tight (G) and illuminated and air-tight (H). 
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1.4 Integrated analytical approach – high lateral resolution concept 

Biosignatures tested in this study encompassed molecular biosignatures, biomineralization 

processes, and TREE accumulation and fractionation. However, the investigation of biomarkers in 

complex and inhomogenous environmental materials has to deal with the following difficulties:   

I. Recent microbial mats show an enormous biodiversity, and studies continuously report 

findings of new chemical and metabolic pathways, genotypic and phenotypic variations 

(Teske and Stahl, 2002).  

II. Knowledge on lipid compositions in microorganisms is limited (few species are available as 

pure cultures, and cultivation has as yet been impossible for most microorganisms).  

III. For source specific lipid biomarker analysis, conventional extraction-based techniques such 

as GC-MS and LC-MS (coupled gas chromatography-mass spectrometry, coupled liquid 

chromatography-mass spectrometry) are limited in their applicability, because these methods 

require relatively large sample quantities. Therefore samples are often homogenized, 

resulting in the loss of the spatial information within the sample.  

IV. Any attempt to combine biosignature analysis with complementary analytical techniques, e.g. 

microscopy, requires a non-destructive analytical procedure. 

Unlike GC-MS and LC-MS, methods like microscopy and laser ablation inductively coupled mass 

spectrometry (LA-ICP-MS) can be conducted using relatively small sample amounts at high lateral 

or spatial resolution (µm-range) to investigate fine-scale biomineralization processes and TREE 

fractionations and accumulations.  

However, for the approach presented here, a non-destructive methodological approach was seeked 

that enabled a direct analysis of microbial biomarkers at a scale resolving the typical size range of 

microbial consortia. Such miniaturization of the biomarker approach would facilitate a linkage of 

molecular biosignature analysis and microscopic techniques which has not been achieved so far. 

Particularly two analytical techniques fulfill these requirements, Time-of-Flight-Secondary Ion 

Mass Spectrometry (ToF-SIMS, Benninghoven, 1994; Pacholski and Winograd, 1999; Hagenhoff, 

2000; Sodhi 2004) and Confocal Raman Microscopy (CRM,  Nasdala et al., 2004; Fries and Steele, 

2009). 

Although the high resolution analyses obtained by ToF-SIMS and CRM contain significantly less 

chemical information than provided by conventional biomarker analyses (GC-MS; LC-MS), they 

render unique constraints on the structure, chemistry and distribution of organics and associated 

minerals at the submicrometer-scale. So far, however, both techniques were predominantly used in 

material sciences (Vickerman and Briggs, 2001; Belu et al., 2003; Ibach and Lüth, 2003; Nasdala 

et al., 2004) rather than in biomarker studies (e.g. Arouri et al., 2000; Steele et al., 2001; Toproski 

and Steele, 2004; Edwards et al., 2005).  
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1.4.1 Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) 

ToF-SIMS is a surface analysis technique that enables the simultaneous detection of organic and 

inorganic ionised molecules on a pre-defined area with µm-resolution (e.g., Vickerman and Briggs, 

2001, Arlinghaus et al., 2006). The principle of ToF-SIMS is as follows: A beam of positively 

charged ions scans the sample surface in a defined raster pattern. The impact of the primary ions on 

the uppermost molecule layers of the sample causes secondary ions that are measured by a time-of-

flight mass spectrometer. Although SIMS was invented as non-imaging technique, the application 

and improvement of primary ion guns and secondary analyzers enabled the obtainment of ion 

images with high lateral and mass resolution (Hagenhoff, 2000). Recent developments improved 

the applicability of ToF-SIMS for the detection and imaging of organic molecules e.g. of lipids in 

organic tissue (Kollmer, 2004; Sjovall et al., 2004; Touboul et al., 2004, 2005). Figure 1.7 shows 

the ToF-SIMS used in this study and a sketch of the instrument design. A more detailed description 

of the ToF-SIMS technique is given in chapters two and three. 

 

 

Fig. 1.7 (A) ToF-SIMS IV Instrument used in this study at the SP Technical Research Institute of Sweden, 

Borås, and (B) scheme of the ToF-SIMS principle, image courtesy of ION-TOF GmbH, Münster).  

1.4.2 Confocal Raman Microscopy (CRM) 

The theory of Raman spectroscopy is based on the interaction of light of a certain wavelength with 

a molecule. This interaction results in elastically (reflected) and, to a small proportion, in 

inelastically scattered light, i.e. the energy of the scattered photon is different to the incident 

photon. This shift in energy is characteristic for the type of molecule and its coordination to others 

and can consequently be used as fingerprint for the respective molecule. Confocal Raman 

Microscopy (CRM) merges Raman spectroscopy and confocal microscopy for the visualization of 

molecular information over a defined sample area, enabling the characterization of mineral phases 
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and organic compounds in the vicinity of the respective minerals in geological samples. For a 

detailed description of CRM, see Toporski et al., 2011, Appendix D, “Raman Microscopy”. 

 

1.5 Introduction to the following chapters 

To test the utility of ToF-SIMS for the laterally resolved detection of lipid biomarkers in 

mineralizing microbial systems, pre-characterized calcifying microbial mats from the Black Sea 

were used as a model system. These mineralizing microbial mats form reef-like carbonate 

structures through AOM (Hinrichs et al., 1999; Boetius et al., 2000; Michaelis et al., 2002) and are 

well characterized in terms of microbiology, structure, and lipid biomarker patterns (Thiel et al., 

2001; Lein et al., 2002; Blumenberg et al., 2004; Knittel et al., 2005; Pape et al., 2005; Reitner et 

al., 2005; Treude et al., 2005). Considerable efforts were undertaken to develop a contamination-

free preparation protocol for microscopic sections to be analysed with ToF-SIMS. However, ToF-

SIMS enabled a differentiation of biomarker patterns for individual microbial communities within 

the microscopic section, which so far has not been possible using conventional biomarker analysis. 

Further, the virtually non-destructive sample analysis of ToF-SIMS allowed a subsequent 

microscopical investigation of the same sample. The results are described in detail in chapter two 

(Biomarkers at the microscopic range: ToF-SIMS molecular imaging of Archaea-derived 

lipids in a microbial mat). 

A comprehensive overview of the use of ToF-SIMS the capabilities and limitations of this 

technique and the potential for geobiological samples, is given in chapter three (Organic 

geochemical microanalysis by time-of-flight secondary ion mass spectrometry (ToF-SIMS)). 

Despite the promising results obtained in these pilot studies, the lack of reference data of 

fragmentation patterns and molecular ions has been hampering an accurate assignment of 

molecular structures. To enlarge the spectral data base for biomarker analyses, numerous lipid 

standards were analysed and their fragmentation patterns were interpreted. Using these 

fundamental data, individual lipids could be identified in microscopic sections from two 

mineralizing microbial mats. One of these samples was obtained from the methane seep associated 

Black Sea mats (see above) whereas the other was taken from G. ferruginea-dominated iron-

oxidizing microbial mats from the Äspö HRL (chapter four; spectral characterization of eight 

glycerolipids and their detection in natural samples using time-of-flight secondary ion mass 

spectrometry). 

Further biosignatures, namely biomineralization processes and corresponding TREE fractionations 

of the iron-oxidizing microbial mats and their implication for the formation of BIF are discussed in 

chapter five (Trace and rare earth element accumulation and fractionation in microbial iron 

oxyhydroxides).  This study showed that TREE are considerably accumulated within microbial 

iron oxyhydroxides. The observed REE+Y pattern differs significantly from those in inorganically 
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precipitated iron oxyhydroxides, indicating a great potential of TREE fractionations as biosignature 

for palaeoenvironmental studies. 

Finally, an integrated geochemical approach to microbial biosignatures preserved in fracture 

fillings is described in chapter six (Ancient microbial activity recorded in fracture fillings from 

granitic rocks (Äspö Hard Rock Laboratory, Sweden). This study aimed to examine the 

composition and spatial distribution of organic and inorganic molecules in the fracture fillings at 

the microscopic range. It was possible to identify different fracture mineral generations and a 

putative ancient biofilm that existed during a phase, when the fracture was reactivated and water 

conducting.  
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Biomarkers at the microscopic range: ToF-SIMS molecular  

imaging of Archaea-derived lipids in a microbial mat 

Volker Thiel, Christine Heim, Gernot Arp, Uwe Hahmann, Peter Sjövall, and Jukka Lausmaa 

Geobiology (2007) 5, 413-421 

2.1 Abstract 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) with a Bismuth cluster primary ion 

source was used for analysing microbial lipid biomarkers in 10 µm thick microscopic cryosections 

of methanotrophic microbial mats from the Black Sea. Without further sample preparation, 

archaeal isopranyl glycerol di- and tetraether core lipids, together with their intact diglycoside 

(gentiobiosyl-) derivatives were simultaneously identified by exact mass determination. Utilizing 

the imaging capability of ToF-SIMS, the spatial distributions of these biomarkers were mapped at a 

lateral resolution of < 5µm in 500 x 500µm2 areas on the mat sections. Using Bi3
+ cluster 

projectiles in the burst alignment mode, it was possible to reach a lateral resolution of 1µm on an 

area of 233µm x 233µm, thus approaching the typical size of microbial cells. These mappings 

showed different 'provenances’ within the sections that are distinguished by individual lipid 

fingerprints, namely (A) the diethers archaeol and hydroxyarchaeol co-occurring with glycerol 

dialkyl glycerol tetraethers (GDGT), (B) hydroxyarchaeol and dihydroxyarchaeol, and (C) GDGT 

and gentiobiosyl-GDGT. Because ToF-SIMS is a virtually non-destructive technique affecting only 

the outermost layers of the sample surface (typically 10 - 100nm), it was possible to further 

examine the studied areas using conventional microscopy, and associate the individual lipid 

patterns with specific morphological traits. This showed that provenance (B) was frequently 

associated with irregular, methane-derived CaCO3 crystallites, whereas provenance (C) revealed a 

population of fluorescent, filamentous microorganisms showing the morphology of known 

methanotrophic ANME-1 archaea. The direct coupling of organic (and inorganic) biomarker 

analysis by imaging mass spectrometry with microscopic techniques reveals interesting 

perspectives for the in in-situ study of environmental samples, and for the analysis of lipids in 

geobiology, microbial ecology, and organic geochemistry. After further developing protocols for 

handling different kinds of environmental samples, ToF-SIMS could be used as a tool to attack 

many universal problems in these fields, such as the attribution of biological source(s) to particular 

biomarkers in question, or the high-resolution tracking of biogeochemical processes in modern and 

ancient natural environments. 
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2.2 Introduction 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a powerful analysis technique 

that simultaneously detects inorganic and organic molecules on solid surfaces (Benninghoven, 

1994; Chait and Standing, 1981; see Belu et al., 2003, for a recent review). Positively charged 

primary ions are focussed to a beam that is scanned in a raster pattern over the sample surface. As a 

result of the impact of these primary ions, charged particles (secondary ions) from the upper few 

monolayers of the sample surface are ejected into vacuum. These secondary ions are separated by 

their mass in a Time-of-flight (ToF) mass spectrometer. A most advantageous property of ToF-

SIMS is its ability to generate images displaying the intensities of any detected ion in a given area 

of interest on the sample surface. Thereby, ToF-SIMS can achieve spatial resolution on a very 

small scale (sub-µm, e.g. Hagenhoff, 2000), and at very small quantities (attomole level, e.g. Braun 

et al., 1999; Kollmer, 2004), which is not possible with any of the extract-based techniques 

routinely used in biomarker studies, namely GC/MS and LC/MS (coupled gas chromato-

graphy/mass spectrometry, coupled liquid chromatography/mass spectrometry). Although the 

structural information that can be obtained by ToF-SIMS is limited due to the absence or as yet 

sparse definition of mass spectral fragmentation patterns, sound compound identification can be 

achieved through the precise mass determination of the molecular species, ideally in combination 

with GC/MS and/or LC/MS data. However, the effects of molecular structure of the target 

compounds, sample pre-treatment, surface conditions, and molecular environment on the 

information generated by ToF-SIMS are still not well understood, and are a matter of intense 

current research (e.g., Sostarecz et al., 2004). 

After the introduction of new polyatomic cluster ion sources (e.g. Aun
+, Bin

+, C60
+) the analytical 

window of ToF-SIMS has greatly been expanded towards the detection of biological molecules, 

and studies have demonstrated the capability to analyse the spatial distribution of lipids in 

mammalian tissue, and even in single eukaryotic cells (Fletcher et al., 2007; Nygren et al., 2005; 

Ostrowski et al., 2004; Ostrowski et al., 2005; Sjövall et al., 2004; Touboul et al., 2005). Yet, the 

potential of ToF-SIMS in geobiological and organic geochemical studies still remains to be 

explored, as only few attempts have been made to identify the spectral properties of common 

microbial and/or sedimentary biomarkers, namely from purified standards (Steele et al., 2001; 

Toporski and Steele, 2004) and geological samples (Toporski et al., 2002; Guidry and Chafetz, 

2003; Guidry and Chafetz, 2003).  

As an experiment aiming to analyse environmental lipid biosignatures with ToF-SIMS, we used 

methanotrophic microbial mats from methane seeps on the euxinic NW’ Black Sea shelf (Michaelis 

et al., 2002). These mats are associated with reef-like carbonates that precipitate as a result of the 

microbial anaerobic oxidation of methane by sulphate (AOM). Although the precise mechanisms of 

AOM are still unclear, phylogenetically distinct methanotrophic archaea of the ANME-1 (Hinrichs 
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et al., 1999; ANME = anaerobic methane oxidizers) and ANME-2 (Boetius et al., 2000) clusters 

and sulphate-reducing bacteria of the Desulfosarcina / Desulfococcus group are commonly 

considered as the protagonists, according to the net reaction: CH4 + SO4
2- → HCO3

- + HS- + H2O.  

For further details on the different aspects of the Black Sea microbial reefs, namely their 

microbiology, structure and petrography, please refer to Knittel et al. (2005), Lein et al. (2002), 

Michaelis et al., (2002), Peckmann et al. (2001), Pimenov and Ivanova (2005), Reitner et al. 

(2005), Seifert et al., (2006), Tourova et al.(2002), Treude et al. (2005). Lipid biomarker patterns 

from the Black Sea materials have been previously studied using GC/MS (Blumenberg et al., 2004; 

Pape et al., 2005; Thiel et al., 2001). 

In a recent pilot study we reported the ToF-SIMS spectral characteristics of archaeol/ 

hydroxyarchaeol and glycerol dialkyl glycerol tetraether lipids (GDGT, structures given in Fig. 2.1) 

from solvent extracts of microbial mats, and discussed the principles, possibilities and limitations 

of ToF-SIMS for the analysis of such systems (Thiel et al., 2007). These data showed good 

agreement with previous GC/MS- and compound specific isotope studies on the Black Sea mats 

that characterized these lipids as molecular fingerprints of methanotrophic archaea (Blumenberg et 

al., 2004; Pape et al., 2005; Thiel et al., 2001). With the extract data as a reference, the archaeal 

biosignature was identified by ToF-SIMS and its distribution imaged directly on the solid surface 

of methane-derived carbonate (Thiel et al., 2007). To further explore the utility of ToF-SIMS for 

visualizing biomarkers in geobiological samples, we here present a study on the distribution of 

lipids in microscopic sections, i.e. at a µm-scale that resolves the typical size range of microbial 

colonies in biofilms and microbial mats.  

2.3 Materials and methods 

Samples were obtained in September 2004 from the NW’ Black Sea shelf using the manned 

submersible ‘Jago’ from aboard the German R/V ‘Poseidon’ (see acknowledgement). Carbonate 

samples overgrown by microbial mats were taken in the 'GHOSTDABS' seep field (Michaelis et 

al., 2002), from a tower-like carbonate structure at 230 m depth. Upon return of the submersible, 

the samples were frozen at -20°C until further preparation.  

In the laboratory, the surface of the carbonate sample was allowed to thaw. Pin head sized mat 

samples showing intense, small scale intertwining of differently coloured mat types (grey, black, 

pink) were taken from the carbonate surface, and mounted with tissue glue (Tissue Tek®) on a cork 

disc acting as a sample holder. After snap freezing in methyl butane at -150°C for ~30 sec, the 

samples where quickly transferred to a Leica CM 3050 S cryo-microtome kept at -20°C. 10 µm 

thick serial sections were cut using a 25 cm Leica Profile D standard steel knife, which had been 

thoroughly washed with organic solvents. The sections were placed on solvent-rinsed microscope 
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slides, and stored in a closed glass tray at -20°C until ToF-SIMS analysis. Prior to analysis, the tray 

was allowed to warm up to room temperature before opening.  

Without further treatment, the slides were inserted into a ToF-SIMS IV instrument (ION-TOF 

GmbH, Münster, Germany) equipped with a bismuth liquid metal primary cluster ion source. 

Spectra and images of positive and negative ions from the sample surfaces were recorded using 25 

keV Bi3
+ primary ions and low energy electron flooding for charge compensation. Mass spectra 

were recorded with the instrument optimised for maximum mass resolution (so-called 'bunched 

mode': m/Δm ~ 3000-6000), at a beam diameter of ~5 µm and a repetition rate of 5 kHz. During 

acquisition, the primary ion beam (average pulsed current 0.1 pA) was scanned in a raster pattern 

(128x128 pixels) over an analysis area of 500 x 500 µm2. High resolution images (233 x 233 µm2, 

256 x 256 pixels) were obtained with the instrument in the so-called 'burst alignment mode', in 

which a smaller focus of the primary ion beam is obtained (200-300 nm), however, at the expense 

of significantly lower mass resolution (m/Δm ~ 350). The accumulated primary ion dose in all 

analyses was kept below the so-called static limit of <1013 ions cm-2, beyond which significant 

surface damage by the ion beam starts to occur. Spectra from the total analysis area or from 

selected regions of interest, and images for selected ions were extracted from the recorded raw data 

files using the instrument software.  

Post-measurement microscopic investigations were performed using a Zeiss (Jena, Germany) 

Axioplan epifluorescence microscope equipped with a high-pressure mercury arc lamp (Zeiss HBO 

50) and differential interference contrast optics (DIC, Nomarski optics). Images were obtained with 

a Peltier-cooled VISICAM-color CCD camera (PCO Computer Optics GmbH, Kehlheim, 

Germany) attached to the microscope. 

2.4 Results and discussion 

An overview of the total area spectrum in the m/z 600 to m/z 1800 range obtained in positive ion 

mode (i.e., positively charged secondary ions were recorded) from a mat section (BSX6-8) is 

shown in Fig. 2.1. From 1316.3 to 1325.3 Da, a prominent cluster of 10 peaks occurred with each 

peak separated from each other by 1 Da. Detailed inspection of the exact mass of the detected ions 

and comparison of the measured with the theoretical isotope distributions identified these peaks as 

sodium cationised ([M+Na]+) acyclic GDGT (GDGT 0, caldarchaeol, C86H172O6), and its mono- to 

tetracyclic derivatives (GDGT 1-4, Table 2.1, Fig. 2.1b, see also Thiel et al., 2007).  

The spectrum also contained a second peak cluster with a similar pattern at 1640.3 to 1649.4 Da 

(Fig. 2.1c), which is in good agreement with the [M+Na]+ ions of gentiobiosyl-caldarchaeol 

(C98H192O16) and its mono- to tetracyclic derivatives (referred to as gentiobiosyl-GDGT in the 

following). These compounds represent the intact GDGT-based lipids with a disaccharide 

headgroup consisting of gentobiose (β-D-Glucopyranosyl-(1-6)-D-glucose) (Koga et al., 1993b); 
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Table 2.1, Fig. 2.1). Gentiobiosyl-caldarchaeol is known as the major membrane lipid in the 

methanogenic families Methanobacteriaceae, thermophilic Methanococcaceae, and 

Methanomicrobiaceae, but seems to be absent in Methanosarcinales and mesophilic 

Methanococcus species (Koga et al., 1993b). Together with its cyclic derivatives, it was recently 

observed in extracts of marine, methane-rich sediments (Biddle et al., 2006; Sturt et al., 2004). 

Another prominent peak group consists of the sodium cationized diether lipids archaeol and 

hydroxyarchaeol (Fig. 2.1, Table 2.1). Whereas the former is ubiquitously present in methanogens, 

the latter seem to typify the Methanosarcinales and mesophilic Methanococcus species (Koga et 

al., 1993b). Both diethers commonly occur in the Black Sea mat extracts (mainly sn-2 

hydroxyarchaeol, (Blumenberg et al., 2004; Pape et al., 2005), and were also detected in our 

previous ToF-SIMS study on Black Sea mat extracts and carbonate (Thiel et al., 2007). 

Remarkably, all of the above compounds exclusively occur as their sodium adducts. It therefore 

seems that glycerolipids in natural samples high in sodium from sea water or mineral matrix 

strongly prefer the formation of [M+Na]+ over protonated [M+H]+ and dehydroxylated [M-OH]+ 

molecular ions. Although [M+H]+ of diethers and GDGT were detected in our previous study on 

the mat extracts, the corresponding [M+Na]+ species were almost equally abundant even in those 

sodium-poor samples (Thiel et al., 2007). 

 

 



Chapter 2   -   Biomarkers at the microscopic range 

30 

 

Fig. 2.1. a: Partial ToF-SIMS spectrum (m/z 600-1800), collected in positive mode from a 500 x 500 µm2 

area of a microbial mat section (BSX6-8). Roman numbers denote sodium adduct ions [M+Na]+ of individual 

Archaea-derived lipids. b, c: Enlargements showing the spectral patterns of GDGT (b) and gentiobiosyl-

GDGT (c) in detail. Numbered brackets denote peaks with predominant contribution from molecules with the 

respective number of cyclopentyl rings (0-4). Representatively, a GDGT 1 structure with one acyclic and one 

monocyclic C40 isopranyl moiety is displayed. Doublet peaks are due to 13C-containing isotopomers. 
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Compound Formula 
Mass (M)

calculated

[M+Na]+ 

calculated

[M+Na]+ 

measured 

Archaeol C43H88O3 652.673 675.663 675.67 

Hydroxyarchaeol C43H88O4 668.668 691.658 691.67 

Dihydroxyarchaeol C43H88O5 684.663 707.653 707.65 

Gentiobiosyl-archaeol C55H108O13 976.779 999.769 999.77 

GDGT 0 C86H172O6 1301.315 1324.305 1324.29 

GDGT 1 C86H170O6 1299.300 1322.290 1322.28 

GDGT 2 C86H168O6 1297.284 1320.274 1320.27 

GDGT 3 C86H166O6 1295.268 1318.258 1318.25 

GDGT 4 C86H164O6 1293.253 1316.242 1316.24 

Gentiobiosyl-GDGT 0 C98H192O16 1625.421 1648.411 1648.38 

Gentiobiosyl-GDGT 1 C98H190O16 1623.405 1646.395 1646.35 

Gentiobiosyl-GDGT 2 C98H188O16 1621.390 1644.380 1644.34 

Gentiobiosyl-GDGT 3 C98H186O16 1619.374 1642.364 1642.31 

Gentiobiosyl-GDGT 4 C98H184O16 1617.358 1640.348 1640.26 

Table 2.1. List of archaeal ether lipid biomarkers analysed, and calculated vs. measured exact masses [Da] of 

relevant molecular ions. All masses given correspond to the first peak in the isotope cluster due to 13C. 

GDGT numbers denote the numbers of cyclopentyl rings in the C40 isoprenoid moieties ether-linked to the 

glycerol backbones (see Fig. 2.1 for structures).  

By means of the imaging capability of ToF-SIMS, we explored the distribution of Archaea-derived 

lipids on the sections at a lateral resolution of about 5 µm (bunched mode, 128 pixels per 500 µm). 

The relative abundances of (quasi-)molecular ions ([M+Na]+ ) showed several 'provenances' with 

individual biomarker fingerprints, as most evidently revealed by section BSX6-8 (Fig. 2.2). 

Obviously, these areas correlated with differently composed microbial colonies producing the 

respective lipids. Specifically, one provenance (A) showed the diethers archaeol and 

hydroxyarchaeol co-occurring with abundant GDGT, but virtually lacked gentiobiosyl-GDGT. 

Another region (B) revealed abundant diethers, particularly hydroxyarchaeol, but only a weak 

GDGT signal, and no gentiobiosyl-GDGT. By contrast, the third provenance (C) contained nearly 

exclusively GDGT and gentiobiosyl-GDGT, whereas archaeol and hydroxyarchaeol were missing. 
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Fig. 2.2. Molecular ion images of the microbial mat sections (area of view: 500 x 500 µm2). The images 

reveal cluster-like accumulations of archaeal biomarkers that relate to the distribution of individual microbial 

populations. Similar to thermo-images, colours indicate the relative signal yield for selected lipids from 

bright orange (= > 6 counts/pixel) to black (= no signal detected). * = (CaO)2H
+ ion at 112.96 Da; ** = 

sodium adduct ions ([M+Na]+). Areas A, B, and C on section BSX6-8P outline the biomarker provenances 

discussed in the text. Control measurements of the blank glass slide surface next to section BSX6-8 and of 

the embedding agent show the background signal levels: white, 1 count per pixel; black, no signal detected.  

Additional measurements were performed in the burst alignment mode to approach the limits of the 

lateral resolution feasible with ToF-SIMS. For the present samples this provided a lateral resolution 

of about 1µm (256 pixels per 233 µm), i.e. in the typical size range of microbial cells, and 

confirmed the distinctiveness of lipid biomarker traits, even on a very small spatial scale (Fig. 2.3). 

For the microbial colony analysed, the data clearly confirmed that the prevailing, diether-producing 

archaea are no concomitant source of GDGT. High resolution measurements are, however, time 

consuming, and the considerable loss of mass resolution in the burst alignment mode requires 

thorough knowledge of the samples lipid inventory in order to avoid misidentifications. Using the 

ToF-SIMS instrument software, additional information can be obtained by defining regions of 

interest, from which individual mass spectra can be extracted from the raw data. 
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Fig. 2.3. High resolution ion images of a microbial colony obtained in the burst alignment mode at a lateral 

resolution of about 1 µm (256 x 256 pixel). The archaea in this colony appear to be selective for 

hydroxyarchaeol ([M+Na]+, 691.7 Da), whereas virtually no signal was obtained for tetraether lipids 

([M+Na]+, summed GDGT range, 1316 to 1324 Da). 

This feature is advantageous for identifying background (contaminant) peaks, but also for 

producing more representative mass spectra for selected areas or compounds that are spatially 

concentrated within a small area of the surface analysed. Specific occurrences of known and 

unknown compounds, which tend to be overlooked in the total mass spectrum, can be precisely 

tracked with this technique. In Fig. 2.4, such individual mass spectra for the three biomarker 

provenances A, B, and C are displayed. These spectra highlight two interesting additional traits. 

First, a prominent peak at 707.7 Da exclusively occurred in provenance B.  

 

Fig. 2.4. Positive ToF-SIMS spectra (m/z 600-1800) in the biomarker provenances A, B, and C on section 

BSX6-8, revealing the individual lipid patterns of the respective regions. Roman numbers labeling the 

spectral peaks correspond to: I, archaeol; II, hydroxyarchaeol; III, dihydroxyarchaeol; IV, gentiobiosyl 

archaeol; V, GDGT; VI, Gentiobiosyl-GDGT (for structures, see Fig. 2.1). For orientation, exact locations of 

provenances are shown on an overlay of key compound distributions in the respective areas: red, 

hydroxyarchaeol; green, GDGT; blue, gentiobiosyl-GDGT.  
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Detailed inspection of masses and isotope patterns showed this ion to be in excellent agreement 

with the [M+Na]+ ion of dihydroxyarchaeol (most likely sn-2,3-dihydroxyarchaeol, Table 2.1, Fig. 

2.1), a rare archaeal diether that has tentatively been identified in methane-rich sediments of the Eel 

River Basin (Orphan et al., 2002), and in the ‘Lost City’ hydrothermal field (Kelley et al., 2005). 

Second, provenance C, high in GDGT and gentiobiosyl-GDGT, was accompanied by a significant 

signal at 999.8 Da which is in exact agreement with the [M+Na]+ ion of gentiobiosyl-archaeol 

(C55H108O13, Table 2.1, Fig. 2.1), an intact glycosyl-functionalised lipid that is widespread in 

methanogens (Koga et al., 1993b) and was recently found in marine sediment extracts using 

LC/MS (Biddle et al., 2006).  

Because the Tof-SIMS analysis affected only the outermost molecular layers (10-20 nm) of the 

sample surface, the areas analysed could subsequently be examined using conventional and 

fluorescence light microscopy. On section BSX6-8, the area studied was identified based on the 

original ToF-SIMS video image (Fig. 2.5a), and a clearer microscopic image of the microbial 

colonies in the respective region was obtained (Fig. 2.5b). Even the morphology of the 

microorganisms present in provenance C could be elucidated (Fig. 2.5c) due to their strong 

autofluorescence. These organisms were filamentous forms obviously representing the known, 

chain-like assemblages of cylindrical ANME-1 cells (Knittel et al., 2005; Michaelis et al., 2002; 

Pimenov et al., 1997; Reitner et al., 2005). Hence the combined ToF-SIMS/fluorescence light 

microscopy data strongly corroborate previous suggestions of ANME-1 as major GDGT producers 

(Blumenberg et al., 2004). In addition, the distinctive lipid pattern observed here from provenance 

C (Figs. 2.2, 2.4) clearly indicates that gentiobiosyl-GDGT 0 to 4 are the principal intact ANME-1 

membrane lipids.  

Examination with cross-polarized light furthermore showed the presence of CaCO3 precipitates that 

could easily be identified due to their characteristic birefringence (Fig. 2.5d). Two types of these 

‘methane-carbonates’ occured; one spheroidal that had been previously described from the Black 

Sea towers (Reitner et al., 2005), and one consisting of small irregularly shaped crystallites. An 

overlay with the molecular map in Fig. 2.2 revealed a close spatial association of provenance B 

with an irregular CaCO3 aggregate, suggesting an involvement of the hydroxyarchaeol-producing 

archaea in the precipitation process. According to their close phylogenetic relationship to the 

Methanosarcinales (Koga et al., 1993a), ANME-2 were proposed as an important source of sn-2-

hydroxyarchaeol in the Black Sea mats (Blumenberg et al., 2004), and represent the most plausible 

contributors of the diethers in the sections studied. The close spatial association with carbonate 

precipitates rather supports than disagrees with the finding that ANME-2 achieve significantly 

higher methane oxidation and thus, bicarbonate production rates than ANME-1 (Nauhaus et al., 

2005).  



Chapter 2   -   Biomarkers at the microscopic range 

35 

 

Fig. 2.5. a: Video image (reflected light) of the microbial mat cryosection BSX6-8, obtained by the built-in 

camera of the ToF-SIMS instrument. The frame indicates the 500 x 500 µm2 area, from which mass spectra 

were collected. b: Differential interference contrast image of the microbial mat cryosection BSX6-8 taken 

after  ToF-SIMS analysis. The large frame denotes the area analyzed with ToF-SIMS, see (a). The small 

frame indicates the area analysed by fluorescence microscopy, see (c). c: Detail of (b) showing densely 

arranged filamentous microorganisms, most likely ANME-1 cells, with autofluorescence properties of F430. 

Epifluorescence micrograph (ex 450-490 nm, em 515-565 nm).  d: Crossed nicols view of image (b) showing 

a CaCO3 spherulite (upper left) and irregular microcrystalline CaCO3 aggregates. The frame denotes the area 

analyzed with ToF-SIMS, see (a). e: Overlay image of hydroxyarchaeol ([M+Na]+, 691.7 Da) and (d). 

Hydroxyarchaeol is co-localized with the irregular CaCO3 aggregates. The frame denotes the area analyzed 

with ToF-SIMS, see (a). 
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Additional sections analysed to further assess such a relationship showed other instances of co-

localization of hydroxyarchaeol and irregular carbonate. However, this co-occurrence did not build 

a general rule (Fig. 2.6). It therefore seems that the mineralization potential of this microbial 

system varies with the metabolic state (age) of the colonies, and/or their immediate 

physicochemical environment. ToF-SIMS images thus represents a 'chemical snapshot' of the 

organic and inorganic traits that characterize the complex process of biomineralization in the 

natural mat system. 

 

Fig. 2.6. Color overlay of the ion images for carbonate represented by the (CaO)2H
+ ion (112.96 Da, red) and 

hydroxyarchaeol ([M+Na]+, 691.7 Da, blue) showing different levels of co-localization for this biomarker 

and the precipitate in four different mat sections/areas.  

2.5 Conclusions 

ToF-SIMS is capable of breaking the limits of conventional biomarker analysis by resolving the 

spatial distribution of lipids at the microscopic level. Using this technique, the highly complex and 

patchy distribution of lipids in a microbial mat could be visualized. The simultaneous analysis of 

major archaeal biomarker classes, including bare core ether lipids and their intact diglycoside 

derivatives, revealed the existence of different biomarker provenances on a µm-scale. These 

provenances are congruent with individual microbial colonies, and ultimately reflect the lipid 

composition of the microorganisms present. Evidence on the lipid composition of distinctive 

members of the microbial population, namely ANME-1 vs. ANME-2, could be obtained from the 

environmental sample with a high level of confidence, and without the need to isolate, culture, and 

extract these organisms in the laboratory. As a virtually non-destructive technique, ToF-SIMS 

allows subsequent microscopic examinations, thus permitting a synopsis of lipid biomarker results 

with morphological and inorganic properties of the samples in question.  

These capabilities further highlight ToF-SIMS as a promising tool for a wide range of geological, 

ecological, biological, and medical applications, which all share the need to detect and precisely 
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localize organic compounds in natural systems. Potential geobiological applications include the 

elucidation of microbially assisted mineral precipitation, the analysis of organic compounds in 

unculturable microorganisms, and the clear-cut assignment of biomarkers to their biological source.  
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3.1 Abstract 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful method for chemical 

analysis of solid surfaces. In this paper, the capabilities and limitations of this technique and the 

potential for its use in geochemical research is outlined. Using ToF-SIMS, the chemical 

composition of sample structures down to 10 – 100 µm can be determined, without the need for 

preselection or labeling of the analysed substances. In addition, the lateral distribution of organic 

and inorganic compounds can be mapped in geochemical samples at a resolution in the micrometer 

range. The capabilities of the technique in geochemistry are illustrated by two examples. In the first 

example, it is shown that ToF-SIMS can be used to detect biomarkers in oil samples, making it a 

promising method for the analysis of biomarkers in fluid inclusions. In the second example, a 

number of specific lipid biomarkers were identified and mapped on the surface of a microbial mat 

cryosection surface. Post-measurement optical microscopy correlated the localisation of the lipids 

with the presence of methanotrophic archaea in the microbial mat. 

3.2 Introduction 

Information about organic molecules in geological samples is not easily accessed at a high 

chemical specificity and at a spatial resolution in the micrometer range, primarily because of 

limitations in the techniques used for organic analysis. Mass spectrometric methods like GC/MS 

and LC/MS provide excellent tools for identifying and quantifying organic substances in geological 

samples. However, as these methods require solvent extraction, the spatial origin of the different 

substances within the sample cannot be specified. Microscopy can be used to characterise and 

identify organic material in geological samples at high spatial resolution but, in this case, the 

chemical specificity is limited to optically active or labeled compounds. Time-of-flight secondary 

ion mass spectrometry (ToF-SIMS) offers a method that combines the two analytical approaches, 

namely mass spectrometric detection, providing chemical specificity, and high spatial resolution 
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(Benninghoven, 1994; Pacholski and Winograd, 1999; Sodhi, 2004). ToF-SIMS has been used for 

chemical surface analysis in a number of application areas during the last 10-20 years, including 

semiconductor and polymer characterisation (Belu et al., 2003; Vickerman and Briggs, 2001). 

Recently, instrument developments have improved the method considerably for organic analysis, 

providing new opportunities for analysis of biological materials (Kollmer, 2004; Sjovall et al., 

2004; Touboul et al., 2004; Touboul et al., 2005). Other methods for imaging mass spectrometry 

which are presently experiencing intense development include imaging matrix assisted laser 

desorption ionisation (MALDI) (Cornett et al., 2007) and desorption electrospray ionisation (DESI) 

(Takats et al., 2004). 

The objective of the present paper is to provide a brief overview of the capabilities and limitations 

of ToF-SIMS as an analysis tool in organic geochemical research. After a general discussion of 

ToF-SIMS, the capabilities of the technique are illustrated by two examples from our laboratory, 

namely (i) analysis of biomarkers in oils and (ii) analysis of archaeal lipids in microbial mats. In 

the first example, the work is aimed at developing a technique for biomarker analysis of single 

fluid inclusions in rock samples, utilising the capability of ToF-SIMS to analyse microscopic 

sample amounts (Siljeström et al., 2008). In the second example, the lateral distribution of source-

specific archaeal lipids and inorganic components in microbial mats are mapped in order to 

examine simultaneously the spatial distribution of specific organisms, their organic inventory and 

biomineralisation mechanisms (Thiel et al., 2007a, 2007b). 

3.3 Capabilities and limitations of ToF-SIMS 

3.3.1 ToF-SIMS technique 

ToF-SIMS is based on the SIMS principle, in which a focused beam of high energy ions (primary 

ions) bombards the sample surface in a vacuum, causing atoms, molecular fragments and intact 

molecules to be ejected from the sample surface. Some of the ejected particles will be ionised 

(secondary ions) and these ions are extracted into a mass analyser, where they are separated with 

respect to their mass-to-charge ratio. Identification of the secondary ions provides detailed 

information about the chemical composition of the sample surface at the specific spot bombarded 

by the primary ion beam. By scanning the primary ion beam over a selected area on the sample 

surface, ionspecific images are obtained showing the lateral distribution of the different chemical 

components on the sample surface. Since only particles originating from the outermost molecular 

layers of the sample can be ejected during the SIMS process, the secondary ions provide chemical 

information exclusively about the surface region of the sample (1-10 nm). Furthermore, mixing 

between different chemical species within the interaction volume (approximately 5 nm diameter) of 
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the primary ion with the surface may occur, giving rise to secondary ions composed of atomic 

species from one or several chemical compounds originally located within the interaction volume. 

In a ToF-SIMS instrument, the primary ions are applied in short duration pulses and the secondary 

ions are analysed in a time-of-flight detector. With this setup, all secondary ions produced from a 

specific spot bombarded by a primary ion pulse are detected in parallel and an entire mass spectrum 

from each pixel may be stored in the resulting data file. This allows the extraction of selected ion 

images and spectra from selected regions of interest or from the total analysis area. Another 

important advantage of this setup is that it allows for so called static SIMS conditions, which is a 

requirement for obtaining detailed molecular information on the surface chemical composition. 

Since the primary ions cause severe fragmentation of the molecules remaining at the collision site 

after the collision, the molecular information is gradually lost in the recorded mass spectrum as a 

significant fraction of the surface becomes damaged by the primary ions.  

In static SIMS, the data acquisition is therefore terminated before the accumulated primary ion 

dose density has reached the so called static limit, 1012–1013 ions cm-2, which is the dose density 

at which changes in the mass spectrum due to primary ion induced molecular damage typically 

start to be significant. The main advantage of static SIMS is thus its capabilitity to provide detailed 

molecular information of organic substances up to 10,000 Da. In dynamic SIMS, primary ion dose 

densities well beyond the static limit are applied, usually with a continuous primary ion beam, 

which means that the analysis is done on a molecularly damaged and continuously eroding surface. 

Consequently, the information in dynamic SIMS is restricted to elements, isotopes and small 

fragments. However, since one is no longer limited by the static SIMS requirements, the sensitivity 

and image resolution can be considerably higher in dynamic SIMS as compared to static SIMS.  

A number of important properties of ToF-SIMS and typical values of instrument specifications are 

listed in Table 3.1. The stated numbers are typical values for the type of instrument used in our 

laboratory (TOF-SIMS IV, manufactured by ION-TOF GmbH, Münster, Germany). The 

capabilities of the other types of instruments currently in use are very similar and the table 

therefore provides representative values of the present state-of-the- art capabilities of ToF-SIMS.  
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Property / feature Capability / specification 

Mass resolution (high mass resolution mode) m/Δm 5,000 – 10,000 

Mass resolution (imaging mode) m/Δm 300 

Lateral resolution (high mass resolution mode) 3 – 5 µm 

Lateral resolution (imaging mode) 0.1 – 0.3 µm 

Analysis area (primary ion beam deflection) Max 500 x 500 µm2 

Analysis area (sample stage scan) Max 7 x 7 cm2 

Analysis time (primary ion beam deflection) Typically 100 s 

Analysis time (sample stage scan) Typically 90 min 

Depth resolution 1-10 nm 

Detection limit Down to 10,000 molecules (depending on substance, 
primary ion and molecular environment) 

Mass range 0 – ca. 10,000 

Parallel detection Entire mass spectrum 

Sample requirements Reasonably flat, vacuum compatible 

Table 3.1. Key features of TOF-SIMS (TOF-SIMS IV, ION-TOF GmbH). 

3.3.2 Mass resolution versus lateral resolution 

Two of the most important specifications of the ToF-SIMS instrument are the mass resolution, 

which is important for the ability to identify and separate the secondary ions, and the lateral 

resolution, important for the ability to image small structures with specific chemical composition. 

Due to physical constraints on the primary ion pulses, the instrument is normally optimised either 

for maximum mass resolution (short pulses) or for maximum lateral resolution (highly focused 

beam). In the high mass resolution mode, the measured spectra allow for identification and 

separation of organic and inorganic secondary ions as well as organic ions with different C, H, O 

and N stoichiometries at the same nominal mass, while in the imaging mode (high lateral 

resolution) only nominal mass resolution is obtained. The beam diameter is, however, significantly 

narrower in the imaging mode, making the ion images significantly sharper than in the high mass 

resolution mode. 

3.3.3 Secondary ion yield 

The detection limit in a ToF-SIMS measurement is directly related to the so-called secondary ion 

yield, which is the number of detected secondary ions per incident primary ion. The secondary ion 

yield depends strongly on several factors, including: (i) the type of primary ion used in the analysis, 

(ii) the analysed substance and the specific secondary ion used for detecting it and (iii) the chemical 

environment of the analysed molecules on the sample surface (the so-called matrix effect).  

During the last few years, the use of heavy cluster primary ions has been shown to result in 

dramatically higher secondary ion yields, thereby improving detection limits for characteristic 
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molecular ions of organic substances as compared to the previously used atomic primary ions. 

Among the cluster ion sources, Aun
+ and Bin

+ are so-called liquid metal ion guns (LMIG), making 

it possible to obtain beams with a narrow focus (down to < 100 nm), while with the C60+ 

(buckminsterfullerene) cluster sources the ion beam can not easily be focused to a beam diameter 

below 1 μm without severe sacrifice in the beam current. The Aun
+ and Bin

+ sources thus provide 

superior imaging capabilities. A recently discovered advantageous property of using C60+ as 

primary ions, however, is that some of the molecular information can be retained in the organic 

material also after extensive bombardment by C60+ ions. This makes C60+ a promising sputtering 

projectile for ion etching (depth profiling) of organic materials (Wucher et al., 2007). Secondary 

ion yields vary over several orders of magnitude between different substances and specific 

secondary ions. In favourable cases, the detection limit of large, molecule-specific organic ions can 

be in the range of 104 molecules (Kollmer, 2004). This is approximately the number of molecules 

contained in a single molecular layer within a surface area of 100 x 100 nm2. However, for other 

substances, moleculespecific secondary ions may show a much lower secondary ion yield in the 

spectrum, making it necessary to use other, less specific secondary ions to probe the presence of a 

particular substance (or type of substance) on the sample surface.  

Due to the limited number of molecules present in small areas of a sample surface, the lateral 

resolution that can be obtained in the ion images is closely related to the secondary ion yield. In 

order to obtain an image with a certain lateral resolution, e.g., 100 nm, the secondary ion yield must 

be sufficiently high to provide a significant signal within a surface area of the same length scale, 

e.g., 100 x 100 nm2. The ultimate lateral resolution that can be obtained can thus be limited either 

by the ion yield of the selected secondary ion or the focal width of the primary ion beam. 

3.3.4 Sample preparation 

Sample preparation is critical in ToF-SIMS analysis for several reasons. Firstly, the surface 

sensitivity of the technique has two important consequences; (i) the material to be analysed must be 

exposed on the sample surface and (ii) even very low amounts of contaminants present on the 

sample surface may affect the results significantly. Therefore, it is necessary that the sample is 

stored and handled under very clean conditions. Preferably, the sample surface should be prepared 

(e.g., by cutting or fracture) immediately prior to analysis. Secondly, the sample must be 

compatible with vacuum, which means that water-containing samples must be dried (or frozen) and 

that the analysis of volatile substances requires cooling. If the lateral distribution is to be 

investigated, it is also important to prevent migration of the chemical components during 

preparation of the sample. In case of biological materials, such as cells, primitive organisms or 

tissues, the vacuum compatibility is particularly critical since most biological structures are stable 

only in an aqueous environment. In addition, methods that may cause chemical rearrangements in 
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the sample, such as chemical fixation and the use of embedding media should be avoided or 

applied only with great caution. Strategies that have been used typically include plunge freezing for 

cryofixation and then either freeze drying at controlled temperatures (Kraft et al., 2006: Prinz et al., 

2007) or freeze fracturing and analysis in the hydrated state (Cannon et al., 2000).  

The samples are mounted on specially designed sample holders and inserted into the ToF-SIMS 

vacuum chamber via a load lock, allowing the start of analysis within 5 min after initial evacuation 

of the load lock. Apart from the requirements of vacuum compatibility and minimising surface 

contamination, no additional sample preparation is typically needed. It is important, however, that 

the topography of the sample surface is minimised, as surface topography adds contrast to the ion 

images and also often deteriorates the mass resolution in the acquired spectra. Furthermore, 

charging of insulating sample materials resulting from the primary ion bombardment has to be 

compensated for. This is typically achieved by electron flooding of the sample using a low energy 

electron source. 

3.4 Experimental 
 
3.4.1 Preparation of biomarker reference and oil samples 

The following samples were prepared for ToF-SIMS analysis: 

1. Reference material of 5β(H),14α(H),17α(H)- cholestane (20R) purchased from Chiron AS, 

Norway (further referred to as “cholestane”), 

2. Crude oil (Miocene, California, USA), 

3. Saturate hydrocarbon fraction separated from the above crude oil. 

The cholestane reference sample was dissolved in isooctane at a concentration of 0.1 mg ml-1. In a 

laminar air flow chamber, a small droplet (10 μl) was deposited on a ~ 1 cm2 piece of ozone-

cleaned Si wafer and allowed to dry immediately before analysis. The saturate hydrocarbon 

fraction was separated from the crude oil by column chromatography over silica gel (Merck silica 

gel 60) using three column volumes of pre-distilled n-hexane. The resulting fraction was 

concentrated in a stream of nitrogen. Immediately before ToF-SIMS analysis, the saturate 

hydrocarbon fraction and unfractionated crude oil samples were deposited on separate Si substrates 

by dissolving them in heptane (0.3 mg μl-1) and, for each sample, allowing a 2 μl droplet to dry on 

the Si substrate surface. 

3.4.2 Preparation of microbial mat cryosections 

Microbial mat samples were taken from tower-like carbonate structures forming at methane seeps 

on the NW Black Sea shelf (230 m water depth). In anoxic waters, these carbonates are precipitated 
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as a result of the microbial anaerobic oxidation of methane by sulfate, in a concerted mechanism 

involving methanotrophic archaea and sulfate-reducing bacteria (see Michaelis et al., 2002 and 

Reitner et al., 2005 for details). Pin-head-sized mat samples were cut out from the surface of the 

collected carbonate samples and mounted with tissue glue (Tissue Tek®, O.C.T. Compound, 

Sakura Finetek B.V., Zouterwoude, The Netherlands) on a cork disk substrate (Thiel et al., 2007a). 

The sample was plunge frozen in methyl butane at -150 °C for ~ 30 s and immediately transferred 

to a cryomicrotome kept at -20 °C (Leica CM 3050 S, Leica Microsystems, Wetzlar, Germany). 

Serial thin sections (10 μm) were cut using a thoroughly solvent-cleaned 300 mm standard steel 

knife, placed on solvent-rinsed glass slides and stored in a closed glass tray at -20 °C until ToF-

SIMS analysis. Prior to analysis, the tray was allowed to thaw to room temperature before opening. 

The glass slides were then mounted on the ToF-SIMS sample holder and analysed at room 

temperature. 

3.4.3 Equipment and analysis procedures 

ToF-SIMS analyses were carried out in a TOF-SIMS IV instrument (ION-TOF GmbH, Münster, 

Germany) equipped with a bismuth cluster primary ion source. Positive and negative ion spectra 

were recorded using 25 keV Bi3
+ primary ions and electron flooding for charge compensation. The 

instrument was optimised for high mass resolution (bunched mode, M/ΔM ~ 3000-6000, where 

ΔM is the full width at half maximum of a peak at ion mass m, normally in the m/z 25-40 range) at 

a beam diameter of ~ 5 μm, a repetition rate of 5 kHz and a pulsed primary ion current of 0.1-0.2 

pA. During analysis, the primary ion beam was scanned in a raster pattern and data were acquired 

in 128 x 128 pixels over an analysis area of 500 x 500 μm2 for the microbial mat samples and 200 x 

200 μm2 for the oil samples. The analysis time was typically 2-5 min for each spectrum/image 

acquisition. The accumulated primary ion dose density was kept below the static limit of 1012 ions 

cm-2.  

After ToF-SIMS, optical microscopy of the microbial mat cryosections was carried out using a 

Zeiss (Jena, Germany) Axioplan epifluorescence microscope equipped with a Peltier-cooled 

VISICAM-colour CCD camera (PCO Computer Optics GmbH, Kehlheim, Germany). 

3.5 Results and discussion 

3.5.1 Biomarkers in oil 

The purpose of this study was to investigate whether biomarkers in natural oils could be detected 

using ToF-SIMS. This was initially done by recording ToF-SIMS spectra from a pure biomarker 

reference sample (cholestane), in order to identify mass fragments that are characteristic of the 

biomarker. Subsequently, the oil samples were investigated for the presence of cholestane using the 
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identified characteristic mass fragments. Cholestane was chosen as the target compound, because it 

is a major hydrocarbon degradation product of steroid alcohols being a constituent of lipid 

membranes in all eukaryotic cells. Cholestane isomers and pseudo homologues have been used 

both as tracers for the supply of eukaryotic biomass to geological samples reaching back to the 

Precambrian (Brocks et al., 2003) and as organic matter thermal maturity indicators (Peters et al., 

2005). Typical values of the relative concentrations of single cholestanes in various crude oils have 

been reported to be in the range of 10-100 ppm (Peters et al., 2005).  

Figure 3.1 shows the molecular structure and a positive ion ToF-SIMS spectrum of the cholestane 

reference sample. In the low-mass range, below m/z ~ 150, the spectrum mainly contained small 

hydrocarbon fragment ions consisting of CxHy
+. Since these fragments are commonly produced 

from a large number of organic substances, they are of limited chemical specificity. However, these 

signals can still be used to distinguish, for example, between organic and inorganic compounds and 

between hydrocarbons and oxygen-, nitrogen- or sulfur-bearing organic compounds.  

 

Fig. 3.1. a) Molecular structure of cholestane including possible fragment ions in TOF-SIMS and (b) TOF-

SIMS spectrum of positive ions from a pure cholestane standard sample. 

At higher masses, the spectrum displayed a number of pronounced mass fragments originating 

from the cholestanemolecule (see Figure 3.1a for fragment identification). The strong signal at 

371.36 u can be identified as the molecular ion minus one hydrogen (C27H47
+, (M-H)+, theoretical 

value 371.368 u) and represents the most specific peak that can be obtained by ToF-SIMS for 

cholestane. The fragment ion pattern exhibiting prominent peaks at m/z 163, 217 and 257 strongly 
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resembles conventional electron impact mass spectra of cholestane (Peters et al., 2005) and thus 

reveals further particular indications for identifying this biomarker in oils. 

Figure 3.2 shows the ToF-SIMS spectra from the (a) biomarker reference sample, (b) the saturate 

hydrocarbon fraction of the crude oil and (c) the unfractionated crude oil in the mass region of the 

molecular peak of cholestane. Comparison of the three spectra shows that the molecular peak 

(minus hydrogen) of cholestane (371.38 u) is clearly detected in the non-polar component and 

observed as a small peak following a larger peak of an unknown compound at 371.28 u in the 

unfractionated oil sample. The observation of the peak at m/z 371.38 in the spectrum from the 

unfractionated oil sample is consistent with the presence of cholestane in the sample oil. However, 

in order to make a conclusive assignment of the peak to cholestane, it is necessary to eliminate the 

possibilities for alternative contributions to this peak. Its strong signal intensity in the hydrocarbon 

fraction indicates that the main contribution to the m/z 371.38 peak in the unfractionated sample 

originates from the hydrocarbon fraction, excluding polar oil components including aromatic 

compounds. Furthermore, the high mass resolution in ToF-SIMS makes it possible to rule out non-

polar hydrocarbon compounds with different H/C stoichiometries.  

 
Fig. 3.2. Expanded view of the cholestane molecular peak (M-H)+ region in positive ion TOF-SIMS spectra 

of (a) the pure cholestane standard, (b) the saturate hydrocarbon fraction of a California crude oil and (c) the 

unfractionated California crude oil. The arrow in fig (c) indicates the position of the molecular peak of 

cholestane. 
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By using similar strategies, combining ToF-SIMS with GC/MS analysis, the assignment of peaks 

to biomarkers, such as steranes and hopanes, can often be made with reasonable confidence in 

unfractionated oil samples and, with sufficient sample content and detection efficiency, it should be 

possible to detect biomarkers in single fluid inclusions (Siljeström et al., 2007). 

3.5.2 Archaeal lipids in microbial mats 

The identification and exact localisation of organic molecules in microbially-controlled 

environmental systems has been a long-standing challenge in many scientific fields ranging from 

microbial ecology to biogeochemistry and medicine. In two recent pilot studies on Black Sea 

microbial mat and biomineralised carbonate samples, we tested the potential of ToF-SIMS for 

investigating the qualitative and spatial distribution of archaea-derived lipid biomarkers (Thiel et 

al., 2007a, b). Figure 3.3 shows a partial ToF-SIMS spectrum of positive ions obtained from a 500 

x 500 μm2 area of a microbial mat cryosection. The spectrum shows three intense peak clusters that 

can be assigned to molecular ions of major cell membrane lipids in archaea, namely 

hydroxyarchaeol, glycerol dialkyl glycerol tetraethers (GDGT) and gentiobiosyl-GDGT (Thiel et 

al., 2007a). In all cases, the observed peaks correspond to the glycerol ether lipids cationised by a 

sodium adduct, (M+Na)+, which is a type of complex commonly observed in ToF-SIMS analysis of 

organic materials (Hagenhoff, 2001). For hydroxyarchaeol (Figure 3.3b), the molecular ion shows 

two clear peaks corresponding to the expected isotope pattern due to the natural abundance of 13C. 

For GDGT and gentiobiosyl- GDGT (Figure 3.3c and d), each group consists of 9-10 peaks 

corresponding to the isotopologues of the acyclic tetraether molecule and its cyclic derivatives with 

up to four cyclopentyl rings in the isoprenoid chains. Similar peak patterns of tetraether lipids have 

been observed by coupled liquid chromatography mass spectrometry (LC/MS) of archaeal cell 

material and environmental samples containing archaeal lipids (Hopmans et al., 2000). The peak 

labels in Figure 3.3c and d indicate the number of cyclopentyl rings in the corresponding molecules 

and the drawn molecular structures show examples of a representative core and functionalised 

tetraether lipid containing one cyclopentyl ring.  
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Fig. 3.3. (a) Overview partial TOF-SIMS spectrum of positive ions from a microbial mat cryosection (field of 

view 500 x 500µm2) and expanded views of the peaks indicated by the arrows as well as molecular structures 

of the assigned lipid molecules, (b) hydroxyarchaeol, (c) glycerol dialkyl glycerol tetraethers (GDGTs) and 

(d) gentiobiosyl-GDGTs. The labels in (c) and (d) indicate the number of cyclopentyl rings in the isoprenoid 

chains of the respective tetraether molecules (modified after (Thiel, et al., 2007a)). 

Furthermore, additional peaks with lower signal intensities could be assigned to archaeol, 

dihydroxyarchaeol and gentiobiosyl-archaeol. A summary of all observed peaks assigned to 

archaeal lipids and their theoretical values is presented in Table 3.2. The imaging capability of 

ToF-SIMS is demonstrated in Figures 3.4 and 3.5, which show ion images of specific lipids and 

inorganic components in two different microbial mat cryosections. 
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Compound Formula 
Mass (M) 

calculated

[M+Na]+ 

calculated

[M+Na]+ 

measured

Archaeol C43H88O3 652.673 675.663 675.67

Hydroxyarchaeol C43H88O4 668.668 691.658 691.67

Dihydroxyarchaeol C43H88O5 684.663 707.653 707.65

Gentiobiosyl-archaeol C55H108O13 976.779 999.769 999.77

GDGT 0 C86H172O6 1301.315 1324.305 1324.29

GDGT 1 C86H170O6 1299.300 1322.290 1322.28

GDGT 2 C86H168O6 1297.284 1320.274 1320.27

GDGT 3 C86H166O6 1295.268 1318.258 1318.25

GDGT 4 C86H164O6 1293.253 1316.242 1316.24

Gentiobiosyl-GDGT 0  C98H192O16 1625.421 1648.411 1648.38

Gentiobiosyl-GDGT 1  C98H190O16 1623.405 1646.395 1646.35

Gentiobiosyl-GDGT 2  C98H188O16 1621.390 1644.380 1644.34

Gentiobiosyl-GDGT 3  C98H186O16 1619.374 1642.364 1642.31

Gentiobiosyl-GDGT 4  C98H184O16 1617.358 1640.348 1640.26

Table 3.2. List of archaeal ether lipid biomarkers analysed, and calculated vs. measured exact masses [u] of 

relevant molecular ions (Thiel et al., 2007a) All masses given correspond to the first peak in the isotope 

cluster due to 13C. GDGT numbers denote the numbers of cyclopentyl rings in the C40 isoprenoid moieties 

ether-linked to the glycerol backbones (see Fig. 3.3 for structures). 

Figures 3.4a-c show ion images of the specific ion signals from (a) hydroxyarchaeol, (b) all 

GDGTs and (c) all gentiobiosyl-GDGTs over an analysis area of 500 x 500 μm2, demonstrating 

different lateral distributions for these lipids (Thiel et al., 2007a). Figure 3.4d shows a video image 

of the analysis area, acquired by the built-in camera of the ToF-SIMS instrument during analysis. 

Figure 3.4e shows a micrograph, obtained after ToF-SIMS analysis of the same sample area using 

an optical microscope, onto which the specific lipid ion images recorded by ToF-SIMS have been 

superimposed. Thus, the combination of ToF-SIMS and optical microscopy makes it possible to 

relate specific structures or organisms with organic compounds at a microscopic length scale. In 

our present study, post-measurement fluorescence microscopy was used furthermore to assign the 

micro-organisms in the sample as chain-like assemblages of cylindrical cells of ANME-1 archaea, 

a phylogenetic cluster of anaerobic methanotrophic archaea known from previous investigations 

(Pimenov et al., 1997; Michaelis et al., 2002; Knittel et al., 2005; Reitner et al., 2005). This 

provided strong evidence that the GDGT and gentiobiosyl- GDGT lipids are produced by ANME-1 

cells (Thiel et al., 2007a). 
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Fig. 3.4. TOF-SIMS images from a microbial mat cryosection showing the lateral distributions of (a) 

hydroxyarchaeol, (M+Na)+, (b) GDGTs, (M+H)+ and (c) gentiobiosyl-GDGTs, (M+H)+. (d) Video image of 

the analysis area on the cryosection sample and (e) optical micrograph of the analysis area superimposed by 

the lipid ion images of hydroxyarchaeol (red), GDGTs (green) and gentiobiosyl-GDGTs (blue). (a) to (d) 

modified after (Thiel et al., 2007a). 

 
Fig. 3.5. TOF-SIMS images from a microbial mat cryosection showing the lateral distributions of (a) 

Ca2O2H
+, representing microbially induced calcium carbonate, (b) Na3Cl2

+, representing NaCl, (c) 

hydroxyarchaeol, (M+Na)+, (d) GDGTs, (M+H)+ and (e) the sum of all detected secondary ions. (f) Overlay 

image of Ca2O2H
+ (red), hydroxyarchaeol (green and GDGTs (blue).  
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Figures 3.5a-d show the spatial distributions of (a) Ca2O2H
+, representative for the microbially-

induced calcium carbonate precipitate, (b) Na3Cl2
+, representative for NaCl, and the molecular ions 

of (c) hydroxyarchaeol and (d) all GDGTs. Figure 3.5e shows the lateral distribution of the sum of 

all secondary ions detected, providing an indication of the topography of the sample surface. The 

relative localisation of calcium carbonate with hydroxyarchaeol and GDGT is shown in the three-

colour overlay image in Figure 3.5f. In this case, there seems to be no correlation in localisation 

between calcium carbonate and GDGT. For hydroxyarchaeol, three regions with somewhat 

elevated signal intensities (lower left, upper left and upper right, respectively) are located in the 

vicinity of regions with elevated calcium carbonate signal levels. However, analysis of additional 

samples is required in order to determine whether a spatial correlation between the two compounds 

exists. 

3.6 Concluding remarks 

The strong potential of ToF-SIMS in geochemistry is its ability to provide molecule-specific 

detection, identification and microscopic localisation (mapping) of inorganic and organic 

compounds without the need for pre-selection or labelling of the compounds of interest. In 

comparison with more established techniques such as GC/MS and LC/MS for substance 

identification, ToF-SIMS can be used to analyse smaller samples or microscopic areas within a 

particular macroscopic sample. Applications where these capabilities are advantageous, and which 

our team is presently pursuing, are identification of biomarkers in single oil-bearing fluid 

inclusions in ancient rocks, and the identification of specific biomarkers that might be assigned to 

particular organisms involved in biomineralisation. Important ingredients and challenges in this 

research are the development of appropriate sample preparation protocols, measurement of 

reference spectra from pure substances as an aid in spectrum interpretation, and validation of the 

ToF-SIMS results against established knowledge and methods. 
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4.1 Abstract 

In recent years, Time of Flight - Secondary Ion Mass Spectrometry (ToF-SIMS) with cluster ion 

sources has opened new perspectives for the analysis of lipid biomarkers in geobiology and organic 

geochemistry. However, published ToF-SIMS reference spectra of relevant compounds are still 

sparse, and the influence of the chemical environment (matrix) on the ionization of molecules and 

their fragmentation is still not well explored. This study presents ToF-SIMS spectra of eight 

glycerolipids as common target compounds in biomarker studies, namely ester- and ether-bound 

phosphatidylethanolamine, ester- and ether-bound phosphatidylcholine, ester-bound phosphatidyl-

glycerol, ester- and ether-bound diglycerides and archaeol, obtained with a Bi3
+ cluster ion source. 

For all of these compounds, the spectra obtained in positive and negative analytical modes showed 

characteristic fragments that could clearly be assigned to e.g. molecular ions, functional groups and 

alkyl chains. By comparison with the reference spectra, it was possible to track some of these lipids 

in a pre-characterised organic extract and in cryosections of microbial mats. The results highlight 

the potential of ToF-SIMS for the laterally resolved analysis of organic biomarkers in 

environmental materials. The identification of the target compounds, however, may be hampered 

by matrix effects (e.g. adduct formation) and often require careful consideration of all spectral 

features and taking advantage of the molecular imaging capability of ToF-SIMS. 

4.2 Introduction 

Time of Flight - Secondary Ion Mass Spectrometry (ToF-SIMS) is a surface analysis technique that 

allows simultaneous analysis of inorganic and organic molecules on solid surfaces (Benninghoven 

et al., 1994; Pacholski and Winograd, 1999). During the last 10-20 years, ToF-SIMS has been used 

mainly in material sciences (Vickerman and Briggs, 2001; Belu et al., 2003). The introduction 
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of polyatomic cluster ion sources (e.g. Aun
+, Bin

+, C60
+) has expanded the capabilities of this 

technique, opening new possibilities for the analysis of biological materials (Kollmer, 2004; Sjövall 

et al., 2004; Touboul et al., 2004, 2005; Ostrowski et al., 2004) and consequently, the application 

of ToF-SIMS in geobiology and organic geochemistry (Thiel et al., 2007; Sjövall et al., 2008, 

Siljeström et al., 2009). A most advantageous property of ToF-SIMS is its ability to record the 

intensities of any detected ion in a given area of interest at a microscopic scale (e.g. Hagenhoff, 

2000). To date, this is not possible with any of the extract-based techniques routinely used in 

biomarker studies, namely GC/MS and LC/MS (coupled gas chromatography/mass spectrometry, 

coupled liquid chromatography/mass spectrometry). Whereas GC/MS and LC/MS are effective 

tools for the identification and quantification of organic compounds, it remains difficult to link the 

chemical information obtained to specific structures of interest in heterogeneous and structurally 

complex biological or geological materials. In ToF-SIMS, identification of organic compounds is 

achieved mainly through precise mass determination, sometimes corroborated by the analysis of 

the lateral distribution of the species of interest in selected areas on the sample surface. However, 

the absence or as yet sparse number of published ToF-SIMS spectral fragmentation patterns may 

hamper an accurate structural assignment. Likewise, the influence of the chemical environment 

(matrix) on the ionization of molecules and their fragmentation appears to be an important factor 

(Sostarecz et al., 2004), but is still not well explored. 

Studies performed previously on reference compounds of widespread hydrocarbon biomarkers 

(Steele et al., 2001, Toporski and Steele, 2004, Toporski et al., 2002) showed that ToF-SIMS 

spectra may, or may not, differ considerably from those obtained with conventional mass 

spectrometric techniques (see also Vickerman and Briggs, 2001). By comparison with pure 

reference compounds, it was recently proven possible to detect hydrocarbon biomarkers, namely 

hopanes and steranes, in crude oils by ToF-SIMS12. Recent studies on animal tissues, eukaryotic 

cells or microbial consortia also revealed the potential of ToF-SIMS with cluster ion sources for 

investigating the distribution of intact lipids in natural samples (Börner et al., 2007; Thiel et al., 

2007a; Sjövall et al., 2004; Ostrowski et al., 2004, 2005). Whereas these studies focused on 

materials with a more or less pre-characterized lipid content, the authors pointed out that the 

establishment of ToF-SIMS reference data is a major prerequisite for the investigation of organic 

molecules in barely studied or unknown environmental materials.  

This study presents previously unpublished ToF-SIMS spectra of eight functionalized glycerolipids 

as important members of cell membrane constituents of eukaryotes, bacteria, and archaea. These 

lipids, or their derivatives, are commonly used as biomarkers in geo- and microbiology, organic 

geochemistry, and microbial ecology (Börner et al., 2007; Thiel et al., 2007a; Sjövall et al., 2004; 

Ostrowski et al., 2004, 2005). Our work aims to provide basic information about the ToF-SIMS 

fragmentation patterns of these compounds in both, positive and negative ion modes. In addition to 
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‘conventional’ ester-bound glycerolipids, we also included a number of ether-bound counterparts, 

as such compounds may reveal important information on the protagonists in some microbially 

driven ecosystems (Pancost et al., 2001). Emphasis was placed not only on high (molecular) mass 

species, but also on characteristic fragments that may enable a robust identification of the 

respective molecule, or the compound class, in a natural sample. However, detectability of a pure 

reference substance does not necessarily imply that the compound can be easily identified by the 

same features when analyzed in a complex chemical matrix. To assess the possibility of detecting 

such lipids in natural samples and the influence of matrix effects, ToF-SIMS spectra of selected 

glycerolipids (archaeol, phosphoglycerol, diglyceride) were therefore compared with those 

recorded from the same, or related, compounds in an organic extract and in cryosections of 

microbial mats.  

4.3 Experimental 

Eight commercially available glycerolipids (Avanti Lipids, Sigma, Chiron) were selected for 

analysis, namely; (i) L-α-phosphatidylethanolamine (GPEtn), (ii) 1,2 di-O-hexadecyl-sn-glycero-3-

phosphatidylethanolamine (Diether-GPEtn), (iii) L-α-phosphatidylcholine  (GPCho), (iv) 1,2-di-O-

dialkyl-sn-glycerol-3-phosphatidylcholine (Diether-GPCho), (v) L-α-phosphatidylglycerol 

(GPGro), (vi) 1-Palmitoyl-2-oleoyl-sn-glycerol (DG), (vii) 1,2-di-O-hexadecyl-rac-glycerol 

(Diether-DG), and  (vii) 1,2-di-O-phytanyl-sn-glycerol (archaeol), see Table 4.1. 

All reference lipids were stored cold and dark in glass vials with Teflon septa before, and between, 

analyses. 1 mg of each reference lipid was dissolved in 1 ml pre-distilled solvents 

(dichloromethane, n-hexane). For ToF-SIMS analysis, the compounds were deposited on silicon 

wafers. The wafers were rinsed with de-ionised water and cleaned in a UV ozone apparatus prior to 

use in order to remove any organic contaminants from the surface. Using a glass pipette, a few µL 

of each lipid solution (except for GPCho, see below) were placed on a silicon wafer and the organic 

solvent was allowed to evaporate. The deposition processes were carried out in a laminar air flow 

cabinet in order to avoid airborne particulate contamination. The GPCho sample was prepared as a 

supported lipid bilayer, according to Prinz et al. (2007). As controls, blank silicon wafers were 

exposed to the same conditions during sample preparation, and analysed in parallel. To assess the 

presence of contaminants, ToF-SIMS spectra were also obtained from the evaporation residues of 

the pure solvents. These spectra were used as internal controls for a clean sample processing and 

are not shown here. Typically, sets of six samples were mounted on a sample holder and introduced 

to the vacuum chamber of the ToF-SIMS instrument immediately after preparation.   

 A sample of an iron oxidizing microbial mat dominated by Gallionella ferruginea (Pedersen et al., 

1997) was obtained from a subterranean fluid discharge at -150 m depth in the Äspö Tunnel, SE 

Sweden. The mats were stored at -20°C prior to analysis. A sample of a methanotrophic microbial 
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mat was retrieved from the GHOSTDABS methane seep field on the NW' Black Sea shelf from a 

water depth of 230 m (joint project BEBOP, see acknowledgements). These microbial mats have 

been studied in detail for their lipid biomarker patterns (Thiel et al., 2007b; Blumenberg et al., 

2004; Pape et al., 2005; Michaelis et al., 2002). An organic extract of the Black Sea microbial mat 

was prepared as it would be typically done for LC/MS and GC/MS analyses. An aliquot of each 

mat (10 mg) was extracted with 15 mL of dichloromethane / methanol (3:1, 1:1, 1:3) in a teflon 

capped glass vial (ultrasonication, 20 min). After evaporation of the solvent mixture and re-

dissolution in pure dichloromethane, the extracts were deposited on silicon wafers and were 

transferred to the ToF-SIMS instrument as described above. 

For the preparation of the cryosections, the Black Sea and the Gallionella microbial mats were 

allowed to thaw at room temperature, and a small amount (approx. 10 mm3) of each mat sample 

was mounted on a cork sample holder using an embedding agent (Cryo-Gel®, Electron Microscopy 

Sciences, PA). The samples were frozen for 30 sec in cold methyl butane at -150 °C and 

immediately transferred into the cryochamber of a Leica CM 3050 S cryomicrotome (Leica 

Microsystems, Wetzlar, Germany) that had been pre-cooled to -20 °C. Using a standard steel knife 

(Leica Profile D), serial sections of ca. 8 µm thickness were cut, deposited on standard microscope 

slides (76 x 26 mm), and stored at -20 °C in closed glass containers until analysis. Prior to transfer 

into the ToF-SIMS instrument, the slides were allowed to approach room temperature with the 

glass container kept closed, in order to avoid condensation of water vapor on the sample. 

All glassware (microscope slides, pipettes, vials, beakers, glass containers) were heated to 400 °C 

for 2 h prior to use, and/or cleaned by thoroughly rinsing with deionised water and acetone. Solvent 

rinsing was also used to clean all steelware (spatula, tweezers, microtome knives) prior to use. 

ToF-SIMS images and spectra of positive and negative ions were recorded using a ToF-SIMS IV 

instrument (ION-TOF GmbH, Münster, Germany) equipped with a liquid bismuth cluster ion 

source. Data were acquired in bunched mode with a mass resolution of ca. M/∆M 5000, using  

25 keV Bi3
+ primary ions at a pulsed current of 0.1 pA. Low energy electron flooding was used for 

charge compensation, when necessary. The analysed areas were 100 x 100 µm2 or 200 x 200 µm2 

for references and extracts, and 500 x 500 µm2 for the microbial mat cryosections. The areas were 

scanned in a raster pattern at 128 x 128 pixels for reference lipids and extracts, and 256 x 256 

pixels for the cryosections.  The acquisition times were typically between 50 s and 100 s for the 

pure lipid reference samples and the extracts, and 300 s to 500 s for the cryosections. All analyses 

were thus done under so-called static SIMS condition, i.e. with primary ion doses well below those 

where significant surface damage due to the ion bombardment starts to appear (Sjövall et al., 

2008). 
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4.4 Results and Discussion 

Through comparison of the spectra from the different lipids, it was possible to determine 

characteristic peaks and fragmentation schemes for the respective lipid classes. In the low mass 

range, fragments specifying phospholipids in general were m/z 78.95 [PO3]
-, and 96.97 [H2PO4]

- as 

previously reported (e.g. Ostrowski et al., 2005; Sjövall et al., 2004). In addition, other distinctive 

headgroup fragments are present in the spectra of particular phospholipid classes. Such fragments 

where reproducibly detected in both ester- and ether-bound phospholipids and are listed in  

Table 4.2. Fragmentation of ester-bound lipids leads to prominent peaks of the corresponding fatty 

acid chains whereas the ether-bound lipids exhibited weak fragment ion peaks of the alcohol side 

chains (Tab. 4.2). In general, the fragmentation tendency of ether lipids is considerably lower 

compared to ester-bound lipids, probably due to the higher chemical stability of the ether link. 

4.4.1  Phosphatidylethanolamine (GPEtn): 

C39H74NO8P; exact mass 715.52 Da (Dalton)  

Source: eukaryotes (Ostrowski et al., 2004, 2005), bacteria (Mazalla et al., 2005)  

Molecular ions are detected as at m/z 716.53 and m/z 740.55 in the positive spectrum. Whereas the 

former is in accordance with the [M+H]+ ion of the actual GPEtn molecule containing one C16:0 and 

one C18:2 moiety (C16:0/C18:2), the latter seems to originate from GPEtn that carries two C18:2 chains 

(C18:2/C18:2). The observed distribution is in good agreement with the product specification from the 

distributor (C16:0 = 24%, C18:2 = 60%). Both molecular ions produce sodium adducts [M+Na]+ at 

m/z 738.53 and m/z 762.54, respectively. Characteristic fragments in positive mode are observed at 

m/z 575.49 [M-headgroup]+, 306.29 and 282.28 (Table 4.1) and are interpreted to result from 

cleavage within the glycerol backbone (see fragmentation scheme, Fig. 4.1 and Table 4.2). Specific 

headgroup fragments are observed at m/z 142.03 and 182.06 corresponding to [C2H9NO4P]+ and 

[C5H13NO4P]+. 

In negative mode, deprotonated molecular ions [M-H]- occur at m/z 714.55 (C16:0/C18:2) and at m/z 

738.55 (C18:2/C18:2). Ions at m/z 697.51 and 671.48 are interpreted as [M-NH3]
- and [M-C2H7N]-. 

Prominent peaks at m/z 96.97 [H2PO4]
- and 78.96 [PO3]

- (not shown) and at m/z 140.02 clearly 

specify the phosphate bearing headgroup, as observed in previous studies (Börner et al., 2007; 

Ostrowski et al., 2005). Fragments at m/z 279.25 (C18:2) and m/z 255.24 (C16:0) can be assigned to 

fatty acid chains (according to Börner et al., 2007), whereas fragments at m/z 476.29, 452.29 and 

434.28 putatively derive from the PE molecule after loss of the fatty acid chains as indicated in  

Fig. 4.1. 
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Tab.1 Glycerolipids studied and ions observed in the molecular weight range. 
 

Compound Abbreviation Formula  
Exact 
mass  

Observed 
[M+H]+ 

Observed 
[M+Na]+ 

Observed 
[M-H]- 

           Others 

L-α-Phosphatidylethanolamine GPEtn (16:0/18:2) C39H74NO8P 715.52 716.53 738.53 714.52 697.51 [M-NH3]
- 

L-α-Phosphatidylethanolamine GPEtn (18:2/18:2) C41H74NO8P 739.52 740.55 762.54 738.52 ― ― 

1,2 Di-O-Hexadecyl-rac-
Phosphatidylethanolamine 

Diether-GPEtn C37H78NO6P 663.56 664.65 ― 662.49 624.67 [M+Na-C2H8NO]- 

L-α-Phosphatidylcholine GPCho C42H82NO8P 759.58 760.61 782.61 ― 
744.54 

 699.47 
[M-CH3]

-  

[M-C3H9N]- 

1,2-O-Dialkyl-sn-Glycero-3-
Phosphoatidylcholine 

Diether-GPCho C40H85NO6P 705.60 706.75 ― 704.57 
690.54 
645.47 

[M-CH3]
-  

[M-C3H9N]- 

L-α-Phosphatidylglycerol (sodium salt) GPGro C38H74O10PNa 744.49 ― 767.51 721.58 721.58 [M-Na]- 

1-Palmitoyl-2-Oleoyl-sn-Glycerol DG C37H70 O5 594.52 595.58 617.53 593.49 577.52 [M-H2O]+ 

1,2 Di-O-Hexadecyl-rac-Glycerol Diether-DG C35H72 O3 540.55 541.63 563.58 539.54 522.59 [M-H2O]+ 

1,2-Di-O-Phytanyl-sn-Glycerol  Archaeol C43H88O3 652.67 653.72 675.68 651.66 634.69 [M-H2O]+ 
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Tab. 2 Characteristic fragments and headgroup ions. 
 

Abbreviation Formula  
Charactristic 
fragment ions 
(+) observed* 

Tentative 
formula 

Characteristic 
fragment ions 
(-) observed* 

Tentative 
formula 

Headgroup 
ions  (+) 
observed* 

Formula 
Headgroup 
ions  (-) 
observed* 

Formula 

GPEtn (C16:0/18:2) C39H74NO8P 
575.49  
282.28 

C37H67O4
+

 

C18H34O2
+ 

279.25 
      255.24 

C18H31O2
-
 

C16H31O2
- 

142.03  
182.06 

C2H9NO4P
+ 

C5H13NO4P
+ 

140.02  
180.04 

C2H7NO4P
- 

C5H11NO4P
- 

GPEtn (C18:2/18:2) C41H74NO8P 
599.50  
306.29 

C39H67O4
+  

C20H34O2
+ 

279.25 C18H31O2
- 

142.03  
182.06 

C2H9NO4P
+ 

C5H13NO4P
+ 

140.02  
180.04 

C2H7NO4P
- 

C5H11NO4P
- 

Diether-GPEtn C37H78NO6P ?? ?? 239.21 C16H31O
- ― ― 

180.04 
140.01 

C2H7NO4P
- 

C5H11NO4P
- 

GPCho C42H82NO8P 
504.38  
 478.37 

C26H51NO6P
+ 

C24H49NO6P
+ 

281.24  
255.23 

C18H33O2
-
 

C16H31O2
- 

184.10  
166.08 

C5H15NO4P
+ 

C5H13NO3P
+ 

― ― 

Diether-GPCho C40H85NO6P 
464.44 
450.41 

C24H51NO5P
+  

C23H49NO5P
+ 

239.21 C16H31O
- 184.11  C5H15NO4P

+ ― ― 

GPGro C38H74O10PNa 
551.52  
 511.28 

C35H67O4
+ 

C22H42Na2O8P
+ 

255.24 C16H31O2
- 198.99 C3H6Na2O5P

+ 
171.04 
211.06 
153.02 

C3H8O6P
- 

C6H12O6P
-

C3H6O5P 

DG C37H70O5 

339.31  
313.28  
265.26  
239.24 

C21H39O3
+ 

C19H37O3
+ 

C18H33O
+ 

C16H31O
+ 

281.24  
255.23 

C18H33O2
-
 

C16H31O2
- 

― ― 91.04 C3H7O3
- 

Diether-DG C35H72O3 
297.32  
299.33  
253.27 

C19H37O2
+ 

C19H39O2
+ 

C17H33O
+ 

241.23  
239.19 

C16H33O
-  

C16H31O
- 

― ― 91.02 C3H7O3
- 

Archaeol C43H88O3 
373.39  
371.27 

C23H49O3
+ 

C23H47O3
+ 

371.37 
297.32 
295.29 

C23H47O3
- 

C20H41O
- 

C20H41O
- 

― ― 91.03 C3H7O3
- 

 
*: Ostrowski et al. (2005) described further, yet unknown negative ions at m/z 137, 153 and 181 as common phospholipid fragments. These findings were partly 
confirmed in our study. Both fragments at 137.01 and 153.02 where found in the ester bound phospholipids, whereas the ether-bound phospholipids yielded m/z 
137.01. An ion at m/z 181 was not observed in our spectra. Further positive ions described by Ostrowski et al. (2005), at m/z 125, 143, and 165 were exclusively 
observed in the spectrum of GPGro (Na salt) and may represent Na containing fragments. 
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Fig. 4.1 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 140 - 800) of 

phosphatidylethanolamine (GPEtn). This reference standard mainly contains GPEtn carrying two C18:2 or 

each one C16:0 and C18:2 fatty acid chains (C16:0 = 24%; C18:2 = 60% of the total fatty acids). See text for a 

detailed discussion of the spectral patterns. The prominent phosphate peak at m/z 96.97 is out of the 

displayed range. Peaks labeled with “inorg” are inorganic ions and do not belong to the compound spectrum. 

 

4.4.2  1,2 Di-O-hexadecyl-sn-glycero-3-phosphatidylethanolamine (Diether-GPEtn) 

C37H78NO6P; exact mass 663,56 Da  

Source: bacteria (Rütters et al., 2001) 

The positive mass spectrum observed for Diether-GPEtn reveals a weak protonated molecular ion 

[M+H]+ at m/z 664.65 (Fig. 4.2). A single, most prominent and possibly diagnostic peak occurs at 

m/z 624.67. It is tentatively interpreted as a fragment ion resulting from loss of the ethanolamine 

group and adduction of Na [M-C2H7NO+Na]+ (Fig. 4.2). Another, less abundant sodium adduct of 

a fragment ion may occur at m/z 654.68 [M-CH6N+Na]+. 

The negative spectrum shows a clear deprotonated molecular ion [M-H]- at m/z 662.49. In addition, 

minor fragments at m/z 645.47 and m/z 619.46 can be interpreted as [M-NH3]
- and [M-C2H7N]-, 

respectively. It is interesting to see that in both positive and negative mode, peaks expected from 

lyso-fragments or aliphatic side chains (around m/z 224) are weak or even missing. Likewise, 

headgroup fragments of Diether-GPEtn are only observed in the negative spectrum (Fig. 4.2,  

Tab. 4.1). Generally, the fragmentation pattern of Diether-GPEtn is less prominent than that 

observed for ester-bound GPEtn (Fig. 4.1). This is interpreted as reflecting the greater stability of 
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the ether- compared to the ester linkage, which appears to hamper rearrangement reactions and 

cleavage of the side chains under primary ion bombardment.  

 

Fig. 4.2 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 100 - 700) of 1,2 Di-O-

hexadecyl-sn-glycero-3-phosphatidylethanolamine (Diether-GPEtn). See text for a detailed discussion of the 

spectral patterns. Peaks labeled with inorganics are contaminant ions and do not belong to the compound 

spectrum. 

4.4.3  L-α-Phosphatidylcholine (GPCho): 

C42H82NO8P; exact mass 759.58 Da  

Source: eukaryotes (Ostrowski et al., 2004, 2005; Sjövall et al., 2004), bacteria (Zink et al., 2003) 

Weak molecular ions of GPCho are detected as [M+H]+ and [M+Na]+ at m/z 760.61 and 782.61 in 

the positive spectrum (Fig. 4.3). Similarly abundant peaks of Lyso-GPCho-fragments occur at  

m/z 478.37 and 504.38. The most prominent peaks in the positive GPCho spectrum are observed at 

m/z 166.08 and m/z 184.10 and correspond to the headgroup fragments [C5H13NO3P]+ and 

[C5H15NO4P]+.  

The negative spectrum of GPCho does not show a deprotonated molecular ion.  Instead, 

characteristic fragments at m/z 744.54 and m/z 699.47 can be assigned to [M-CH3]
- and  

[M-C3H9N]-. Ions at m/z 255.23 and m/z 281.24 derive from C16:0 and C18:1 fatty acid moieties, 

respectively. The relatively low intensities of the molecular ions and characteristic higher mass 

fragments make it difficult to use these ions for analysing intact GPCho in environmental samples. 

Furthermore, it has been reported that the intensity of the molecular ion peak is highly sensitive to 
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the structural configuration of the lipid, showing higher intensity in bilayer structures as compared 

to disordered structures (Prinz et al., 2007), making the lack of a molecular ion a somewhat 

uncertain indicator for the absence of GPCho. Although the detection of molecular GPCho ions 

have been reported in tissue samples (Sjövall et al., 2004), the headgroup fragment (m/z 184.07) 

provides a strong and characteristic peak for phosphocholine-containing lipids and is therefore 

frequently used for mapping of these lipids in cell and tissue samples (Börner et al., 2007, Nygren 

et al., 2005). Comparison of the ToF-SIMS spectra of GPEtn and GPCho with published ToF-

SIMS and Electrospray - Ionisation (ESI) (LC/MS) mass spectra of phosphatidylcholine (Mazalla 

et al., 2005; Ostrowski et al., 2005; Börner et al., 2007) suggests similar principles for the 

fragmentation of complex ester-bound phospholipids. Beside the molecular ion, both methods yield 

fragment peaks, phospholipid headgroup ions in positive and negative spectra as well as the fatty 

acid chains in the negative spectra, which may be used to corroborate structural identification. 

 

Fig. 4.3 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 130 - 800) of L-α-

Phosphatidylcholine (GPCho). See text for a detailed discussion of the spectral patterns. 

4.4.4  1,2-O-dialkyl-sn-glycerol-3-phosphoatidylcholine (Diether-GPCho) 

C40H85NO6P; exact mass 705.60 Da  

Source: bacteria (Rütters et al., 2001) 

Unlike ester bound GPCho, Diether-GPCho produces a prominent [M+H]+ ion at m/z 706.75  

(Fig. 4.4). Weak fragment ions occur in the positive spectrum at m/z 450.41, 464.44, 480.42, and 

494.47, and may originate from the cleavage of one alkyl moiety at different positions close to the 
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respective ether bond (Fig. 4.4). A rather prominent doublet of fragment ions at m/z 224.15/226.13 

can be plausibly explained by loss of both side chains. 

In the positive spectrum of Diether-GPCho, the phosphocholine (PC) headgroup fragment is clearly 

identified at m/z 184.11 (Fig. 4.4). The observed formation of a strong PC fragment is in good 

agreement with the results obtained from the ester bound GPCho (Fig. 4.3) and other lipid studies 

that used the PC headgroup fragment at m/z 184.11 for GPCho identification in ToF-SIMS spectra 

of animal cells and tissues (Sjövall et al., 2004; Börner et al., 2007). 

The negative spectrum of Diether-GPCho shows a very weak [M-H]- peak at m/z 704.57, whereas 

strong fragment ions occur at m/z 690.54, 645.47 and 619.47. These fragments most probably 

result from the molecule after loss of a methyl group from the trimethylamine moiety of the PC, 

[M-CH4]
-, loss of the trimethylamine moiety, [M-C3H9N]-, or loss of the entire PC headgroup, 

respectively. Notably, this pattern differs considerably from the counterpart lipid with an 

ethanolamine headgroup (Diether-GPEtn, see above) that shows [M-H]- as the most prominent 

peak in the molecular mass range. Fragment ions at 391.24, 403.24/405.25, and 448.29 may result 

from cleavage of the hexadecyl chain, with or without loss of C-1 of the glycerol, and the 

trimethylamine moiety of the PC headgroup. 

 

Fig. 4.4 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 170 - 750) of 1,2-O-dialkyl-sn-

glycerol-3-phosphocholine (Diether-GPCho). See text for a detailed discussion of the spectral patterns. 
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4.4.5  L-α- Phosphatidylglycerol (GPGro) sodium salt 

C38H74O10PNa; exact mass 744.49 Da 

Source: eukaryotes (Ostrowski et al., 2005), bacteria (Zink et al., 2003; Mazalla et al., 2005) 

GPGro sodium salt produces a prominent [M+Na]+ ion at m/z 767.51 in the positive spectrum  

(Fig. 4.5). A protonated molecule [M+H]+ was not observed. Due to the high abundance of sodium, 

the GPGro fragments including the headgroup are charged with an additional Na+ ion, e.g.  

m/z 511.28 (C22H42Na2O8P
+) and 198.99 (C3H6Na2O5P

+). Prominent peaks at 124.94, 142.96 and 

164.94 are putatively Na+-adducts. 

Beside the weak deprotonated GPGro molecule [M-H]- at m/z 721.58, the ion at m/z 255.24 

represents the C16:0 fatty acid moiety. Peaks at m/z 153.02, m/z 171.04 and m/z 211.06 can be 

assigned as fragments involving the PG headgroup. The occurrence of a strong fragment at  

m/z 153.02 is in good agreement with observations reported for ESI/MS (Mazalla et al., 2005). 

However, for this fragment Mazalla et al. (2005) proposed a precursor ion at m/z 227, which was 

not observed in the ToF-SIMS spectra. Ions at m/z 211.06, 171.04, and 153.02 suggest a preferred 

fragmentation within the glycerol backbone of the GPGro rather than a scission of the glycerol 

headgroup (Fig. 4.5), as observed for other ester-bound phospholipids (GPEtn, Fig. 4.1, and 

GPCho, Fig. 4.3). 

 

Fig. 4.5 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 50 - 850) of L-α-

Phosphatidylglycerol sodium salt (GPGro). Peaks labeled 'inorg' are inorganic ions and do not belong to the 

compound spectrum. See text for a detailed discussion of the spectral patterns. 
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4.4.6  1-Palmitoyl-2-oleoyl-sn-glycerol (DG) 

C37H70O5; exact mass 594.52 Da  

Source: eukaryotes (Malmberg et al., 2007; Nygren and Malmberg, 2007), bacteria (Zink et al., 2003) 

DG produces very weak molecular ion peaks [M+H]+ and [M+Na]+ at m/z 595.58 and 617.53, but a 

prominent [M-H2O]+ at m/z 577.52 (Fig. 4.6). Distinct positive ions at m/z 339.31, and 313.28 

represent lyso fragments of DG, whereas m/z 265.26, and 239.24 may originate from fatty acyl 

fragments. 

In the negative spectrum of DG, a weak molecular ion [M-H]- is detected at m/z 593.49. Strong 

fatty acid fragments are observed at m/z 281.24 (C18:1) and m/z 255.23 (C16:0). 

It should be considered that triacylglycerides (TG) were reported to produce a prominent DG-

fragment ([M-H2O]+) in the positive spectrum (Malmberg et al., 2007, Nygren and Malmberg, 

2007). Moreover, this fragment was clearly visible in the GPEtn spectrum (Fig. 4.1, Tab. 4.2) and 

was detectable, though in low abundance, in the spectra of other ester-bound lipids studied. Hence, 

when analysing natural samples, positive and negative spectra and ion images have to be checked 

carefully, whether the respective ions can be assigned confidently to DG, TG or phospholipids. 

 

Fig. 4.6 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 80 - 650) of 1-palmitoyl-2-

oleoyl-sn-glycerol (DG). See text for a detailed discussion of the spectral patterns. 
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4.4.7  1,2 Di-O-hexadecyl-rac-glycerol (Diether-DG) 

C37H72O3; exact mass 540.55 Da  

Source: bacteria (Pancost et al., 2001) 

The partial positive spectrum of 1,2 di-O-hexadecyl-rac-glycerol (Diether-DG) shows the 

protonated molecular ion at m/z 541.63 as the base peak (Fig. 4.7). Loss of the functional group 

with, or without, the C-3 of glycerol produces additional, less intense peaks at m/z 522.59 and 

508.57, respectively. Further ions at m/z 253.27, 267.29, 297.32 and 299.33 can be explained by 

fragmentations within the glycerol backbone whereas m/z 317.34 most likely results from loss of 

one of the hydrocarbon side chains [M-C16H31]
+ (Tab. 4.2). 

In the negative spectrum, the deprotonated molecular ion at m/z 539.54 [M-H]- is very weak, as 

also observed for the isoprenoid glycerol diether archaeol (see below). The most abundant ion in 

the higher molecular weight range at m/z 239.18 most probably derives from the side chain 

[C16H31O]-. This interpretation is supported by a corresponding, 56 Da heavier, fragment ion 

observed in the negative spectrum of archaeol at m/z 295.29 (see below), that obviously represents 

the functionalized C20 phytanyl side chain [C20H39O]-.  

 

Fig. 4.7 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 180 - 600) of 1,2 Di-O-

hexadecyl-rac-Glycerol (Diether-DG). See text for a detailed discussion of the spectral patterns. Peaks 

labeled 'inorg' are inorganic ions and do not belong to the compound spectrum. 

Similar to the positive spectrum, minor ions at m/z 253.20, 255.20, 283.22 and 297.28 indicate 

fragmentations within the glycerol backbone of Diether-DG. Another significant ion at m/z 315.26 
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most likely results from loss of one of the hydrocarbon side chains [M-C16H33]
-, again corroborated 

by a 56 Da heavier corresponding fragment observed in the negative spectrum of archaeol (m/z 

371.25). The presence of a glycerol moiety in the Diether-DG molecule is recognized by a 

prominent C3H7O3 fragment ion peak at  m/z 91.03 (not shown). 

4.4.8  1,2 -Di-O-phytanyl-sn-glycerol (archaeol) 

C43H88O3; exact mass 652.67 Da 

Source: archaea (Pape et al., 2005; Thiel et al., 2007) 

The positive spectrum of archaeol displays the protonated molecular ion [M+H]+ at m/z 653.72 as 

the base peak (Fig. 4.8). The formation of a Na+ adduct causes a further, yet minor, peak at  

m/z 675.68. Loss of the hydroxyl group (as H2O) from the glycerol moiety is the most plausible 

explanation for a fragment peak at m/z 634.69 whereas cleavage of the adjacent methyl group 

results in a peak at m/z 620.65. The fragmentation scheme of archaeol producing ions at  

m/z 620.65, 373.39, 371.27, and 278.23 is similar to the peak formation in GC/MS (data not 

shown). 

 

Fig. 4.8 Partial positive (top) and negative (bottom) ToF-SIMS spectra (m/z 140 - 700) of 1,2 -Di-O-

phytanyl-sn-glycerol (archaeol). See text for a detailed discussion of the spectral patterns. A peak at m/z 

91.02 specifiying the glycerol moiety is out of the displayed range of the negative spectrum. Peaks labeled 

with PDMS are polysiloxane-contaminants and do not belong to the compound spectrum. 

 

In the negative ToF-SIMS spectrum, a deprotonated molecular ion [M-H]- at m/z 651.66 is clearly 

recognized, though much weaker than the [M+H]+ observed in positive mode. Pronounced 
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fragment ions occur at m/z 371.37, 297.32, 295.29, 239.07, 223.02 and 165.04. Whereas  

m/z 371.37, 297.32 and 295.29 can be explained by cleavage of the ether bonds, the latter three are 

due to polydimethylsiloxane (PDMS) contamination. Additional characteristic fragments 

contributing to clear identification of archaeol as a glycerolipid are the glycerol fragments at  

m/z 91.02 [C3H7O3]
- and 57.04 [C3H5O]- in the negative spectrum (data not shown). 

4.5 Archaeol in a methanotrophic microbial mat 

Extracts of the Black Sea microbial mats typically contain archaeol among other lipids derived 

from methanotrophic archaea (Michaelis et al., 2002, Blumenberg et al. 2004; Pape et al., 2005). 

Based on these findings, our group recently used ToF-SIMS to study the distribution of archaeal 

lipids, including intact glycerol tetraethers, in microscopic cryosections of the microbial mats 

(Thiel et al., 2007a,b). Figure 4.9a shows partial positive ToF-SIMS spectra of (i) the archaeol 

reference (as described above), (ii) a total organic extract of a microbial mat and (iii) a cryosection 

of the same mat. In fact, the molecular ion as [M+Na]+ of archaeol (Fig. 4.9a) and some of its 

characteristic fragments such as m/z 371.27 and 373.37 were observed in the spectra of all samples 

(Fig. 4.9b). Unlike the reference lipid, the spectra of the extract and the cryosection show [M+Na]+ 

at m/z 675.68, rather than [M+H]+. Clearly, archaeol easily forms the [M+Na]+ ion wherever 

sodium is present, either from biological material, sea water, or the mineral matrix of a natural 

sample. The same is evidently the case for the hydroxylated diether, hydroxyarchaeol (m/z 691.68), 

that co-occurs with archaeol in the Black Sea mats (Fig. 4.9a; see also e.g. Blumenberg et al., 

2004). The strong tencency of these isoprenyl diethers, to form sodium adduct ions, is in full 

agreement with previous data (Thiel et al., 2007b), thus pointing at the reproducibility of the mass 

spectral patterns characterizing these important lipid biomarkers. 

Although the [M+H]+ and [M-H]- were not detected in the spectra of the organic extract and the 

microscopic section of the Black Sea microbial mat, characteristic archaeol fragments at  

m/z 371.27 and  373.39 in the positive spectra and at m/z 295.29 and 297.32 in the negative spectra 

(described in Fig. 4.8) were clearly present (Fig. 4.9b). Thus, the co-occurrence of the [M+Na]+ ion 

in positive mode and these fragment peaks in negative mode corroborate the identification of 

archaeol in the environmental sample. Microscopic, video and total ion images of the microscopic 

section (Fig. 4.9c: I, II, III) allow the accurate assignment of the area analyzed. Figure 4.9c (IV, V, 

VI) shows positive ion images obtained from the microscopic section, proving the co-localization 

of the fragment ions at m/z 371.27, 373.39 with the [M+Na]+ ion  of archaeol.   
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Fig. 4.9. a) Partial positive ToF-SIMS spectra (m/z 630 - 730) showing molecular ions ([M+H]+ and 

[M+Na]+) of archaeol from the standard, in a complex organic extract of the Black Sea microbial mat, and on 

a microscopic cryosection of the same microbial mat. The peaks at 691.67 and 707.65 Da in the 

environmental samples represent the [M+Na]+ of hydroxyarchaeol and dihydroxyarchaeol, respectively. b) 

Characteristic archaeol fragments observed in the partial positive and negative spectra of the organic extract 

and the microbial mat cryosection. c) Microscopic and Ion images of the Black Sea microbial mat section: 

under reflected light (I), built in video camera in the ToF-SIMS (II), total ion image (III), distribution of m/z 

371.27 and m/z 373.39 (IV), distribution of archaeol (V), and distribution of hydroxyarchaeol (VI). 

4.6 Diglycerides and phosphatidylglycerol in a Gallionella-dominated microbial mat  

Generally, analyses of environmental samples of iron-oxidizing Gallionella mats is hampered by 

obscuring effects caused by the iron oxide precipitates that commonly make up more than 90 wt% 

of the dry sample. It was nonetheless possible to reconstruct partially the lipid pattern of the 

microbial system using spectra and the imaging capability of ToF-SIMS (Fig. 4.10).  

In the positive spectrum ions at m/z 549.50, 577.54, 603.55, 639.47, and 643.49 are in agreement 

with the [M-H2O]+ ions of diglyceride lipids namely C32:1, C34:1, C36:2, C40:12 and C40:10. This 

assignment was corroborated through the fragmentation scheme of the DG reference (Fig. 4.6) 

including occurrence of a glycerol derived fragment at m/z 91.02 [C3H7O]- and the corresponding 

fatty acyl moieties in the negative spectrum. Here, fragment ions at m/z 253.19 and 255.21 

correspond to C16:1 and C16:0 moieties, whereas m/z 279.20 and 281.215 arise from C18:2 and C18:1 

moieties respectively. Additional ions at m/z 299.18, 301.19, and 303.21, are in agreement with 

hexaenoic, pentaenoic and tetraenoic C20 fatty acids, respectively. These fatty acids were also 
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observed in GC/MS analyses of Gallionella dominated mat bulk extracts (data not shown).  

In the phospholipid molecular ion range in the negative spectrum, significant peaks at m/z 761.55, 

763.56 and 789.57 were detected. A distinct ion at m/z 171.08 (negative spectrum) corresponding 

to the GPGro headgroup is also present. The high mass peaks may therefore be related to the 

phosphatidylglycerols (GPGro), namely C35:1, C35:0 and C37:1, thus implying the presence of odd 

numbered fatty acyl moieties (Fig. 4.10b).  

 

Fig. 4.10. a) Partial positive and negative ToF-SIMS spectra (m/z 150 - 850) of a microscopic section 

obtained from a Gallionella-rich microbial mat from the tunnel of Äspö. Peaks at m/z 207.04, 221.12 and 

281.08 in the positive spectrum belong to PDMS contaminants, and peaks at m/z 647.47 and 663.47 in the 

positive spectrum and at m/z 473.28 in the negative spectrum most likely derive from contamination by the 

polymer additive Irgafos 168. The peaks at m/z 341.09 and 163.05 originate from carbohydrate fragments of 

the embedding agent. See text for a detailed discussion of the spectral patterns. b) Microscopic and Ion 

images of the Gallionella microbial mat section: under reflected light (I), total ion image (II), the distribution 

of the PG headgroup (III), fatty acids (IV), and diglycerides (V). 
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Although the GPGro headgroup was co-localized with C17 and C19 fatty acids, this relation remains 

uncertain, as the latter were observed only in minor abundance on the cryosections. Additional 

prominent organic ions such as m/z 332.33, 304.29 and 173.08 in the positive spectrum and m/z 

237.06, 157.11 in the negative spectrum still remain to be identified. 

4.7 Conclusions 

Our study showed that ToF-SIMS with a Bi cluster ion source is capable of revealing characteristic 

mass spectral features of each of the eight glycerolipids investigated. However, a robust assignment 

of the target compounds in the total ToF-SIMS spectrum of environmental samples should not only 

rely on the presence of molecular ions (including adducts), but also on specific headgroup 

fragments and other structural moieties, such as functional groups and alkyl chains. The 

establishment of characteristic mass spectral features for a range of glycerolipids further expands 

the range of complex lipids that can be analyzed using ToF-SIMS and provides the crucial basis for 

the identification of these and related biomarkers in environmental materials. Nevertheless, the 

question whether the patterns reported here represent general rules for the interpretation of ToF-

SIMS spectra of environmental samples still has to be corroborated by further studies.  

A major advantage of ToF-SIMS is its capacity to provide simultaneous detection, identification 

and microscopic localisation (mapping) of inorganic and organic compounds without the need for 

bulk sample extraction or labelling. Unlike the more traditional techniques for lipid analysis such 

as GC/MS and LC/MS, ToF-SIMS can be used to study compound distributions within 

microscopic areas of interest on a sample surface. The imaging capacity of ToF-SIMS can also be 

used to support the identification of organic compounds and their association with inorganic 

species through the co-localisation of key ions on the area of interest. As the analytical procedure is 

virtually non-destructive, subsequent examinations, e.g. microscopy, may allow a further 

characterization of the sample in question.  

The capability of visualizing lipid distributions on a micrometer scale makes ToF-SIMS a 

promising tool for a wide range of geological, ecological, biological, and medical applications. 

However, published ToF-SIMS spectra of lipid biomarkers as yet exist for a still limited number of 

relevant compounds, and little research has been conducted on the effects of substrates and 

compound concentrations on the quality of ToF-SIMS spectra. Furthermore, structural assignments 

using the current single-stage TOF analyzers are still not satisfactory, and isomers can not be easily 

differentiated. Moreover, SIMS is very susceptible to surface contamination. 

 Further efforts are therefore essential to minimise, or overcome these limitations and further 

increase the utility of ToF-SIMS for molecular imaging in bio- and geosciences. Such efforts may 
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include the implementation of tandem mass spectrometry, the improvement of preparation 

techniques particularly for environmental samples, the establishment of further reference data from 

pure substances, and the validation of the ToF-SIMS results against established knowledge and 

methods.  
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5.1 Abstract 

Microbial iron oxyhydroxides are common deposits in natural waters, recent sediments and mine 

drainage systems. Along with these minerals, trace and rare earth elements (TREE) are being 

accumulated within the mineralizing microbial mats. TREE patterns are widely used to characterize 

minerals and rocks, and to elucidate their evolution and origin. However, whether and which 

characteristic TREE signatures allow to distinguish between a biological and an inorganic origin of 

these iron minerals is still not well understood. Here we report on long-term flow reactor studies 

performed in the Tunnel of Äspö (Äspö Hard Rock Laboratory, Sweden) to investigate the 

development of microbial mats dominated by the iron-oxidizing bacterium Gallionella ferruginea. 

The feeder fluids of the flow reactors were tapped at 183m and 290m below sea-level from two 

brackish, but chemically differing aquifers within the surrounding, ~ 1.8 Ga old, granodioritic 

rocks. The experiments allowed to investigate the accumulation and fractionation of TREE under 

controlled conditions of the deep continental biosphere, and enabled us to assess potential 

biosignatures evolving within the microbial iron oxyhydroxides. After two, respectively nine 

months, the REE+Y content in the microbial iron oxyhydroxides was found to be 104 and 106 fold 

enriched compared to the feeder fluids. Concentrations of Be, Y, Zn, Zr, Hf, W, Th, Pb, and U 

were 103- to 105-fold higher than in the feeder fluids. These enormous enrichments of TREE 

highlight the efficiency of G. ferruginea mats in removing metals from the supplying water, and 

point to the potential utility of these microbial systems for the recycling of precious trace metals 

and radionuclides. Except for a hydrothermally induced Eu anomaly, the normalized REE+Y 

patterns of the microbial iron oxyhydroxides were found to be very similar to published REE+Y 

distribution patterns of Archaean Banded Iron Formations (BIF). Furthermore, these patterns differ 

significantly from those of chemically precipitated iron oxyhydroxides. These findings further 

corroborate the hypothesis that iron-oxidizing microorganisms such as G. ferruginea were involved 

in the formation of BIF, and highlight the utility of TREE patterns and distinctive element 

fractionations as 'inorganic biosignatures' for palaeoenvironmental studies.   
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5.2 Introduction 

Structure, properties and formation of iron oxyhydroxides have attracted the attention of many 

researchers during the last decades, due to their ubiquitous occurence in natural settings and 

anthropogenic biotopes, as well as their properties as an efficient sorbent for (heavy) metals, with a 

resulting potential for technical applications (Stumm and Morgan, 1996; Ferris et al., 2000; Cornell 

and Schwertmann, 2004; Michel et al., 2007).   

In natural environments, iron oxyhydroxide precipitates typically originate from the chemically or 

biologically controlled oxidation of Fe2+ to Fe3+, whereas the oxidation rate strongly depends on the 

redox conditions and the pH of the aqueous solution (Stumm and Morgan, 1996; Fortin et al., 

1997).  

Microbial precipitation of iron oxyhydroxides, as well as microbial mineral formation in general, 

can commonly be specified as 'biologically induced mineralization' (Frankel and Bazylinsky, 

2003). Three modes of biologically induced mineralization occur. (i) Mineral nucleation and 

growth are extracellular processes triggered by the metabolic activity of the microorganisms. 

Thereby, local oversaturation is induced by the formation of reactive ions or ligands, as it is also 

the case in the microbial iron oxidation. (ii) Indirect mineral precipitation can take place due to 

gradual changes in the chemical equilibrium of the surrounding solution which may also be 

supported by the release of metabolic products from the microbial community (Thompson and 

Ferris, 1990; Fortin and Beveridge, 1997; Fortin et al., 1997; Southam, 2000). (iii) Passive 

mineralization can be induced by non-living organic matter such as cell debris or extracellular 

polymeric substances (EPS). Thereby, exposed negatively charged surfaces act as adsorption and 

nucleation sites for metal cations (Urrutia and Beveridge, 1993; Anderson and Pedersen, 2003; 

Ercole et al., 2007; Chan et al., 2009).  

Whereas these biologically induced mineralization pathways can be well specified in theory, they 

are often difficult to recognize and distinguish in natural samples. Nevertheless, such biogenic 

processes may produce minerals different from their inorganically formed varieties in shape, size, 

crystallinity, isotopic and trace element composition (Konhauser, 1997; Ferris et al., 1999, 2000; 

Weiner and Dove, 2003; Bazylinski et al., 2007; Haferburg and Kothe, 2007; Takahashi et al., 

2007). In studies of contemporary mineral deposits, such biosignatures may be specified and 

utilized for the identification of related biological processes in geological samples throughout the 

Earth history. Massive deposition of banded iron formations (BIF), for instance, occurred at 2.7-2.4 

Ga, after molecular oxygen started to become available, due to the increasing photosynthetic 

activity of cyanobacteria (Anbar et al., 2007). The mechanisms of BIF formation are widely 

discussed and scenarios involving abiotic and biotic processes have been proposed (e.g. Morris, 

1983; Bau and Möller, 1993; Krapez et al., 2003; Kappler et al., 2005). In ‘biological’ models iron 
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oxidizing microorganisms play a central role (Konhauser et al., 2002). Therefore, the study of 

microbial iron oxyhydroxides and the bacteria involved in iron oxidation may help to better 

understand the deposition of BIF (Konhauser et al., 2002; Kappler et al., 2005).  

Here we report on a flow reactor experiment investigating the development of iron-oxidizing 

microbial mats, in the Äspö HRL. We particularly aimed to explore TREE accumulation and 

fractionation patterns in these systems for their potential as biosignatures. The Tunnel of Äspö 

(Äspö Hard Rock Laboratory, Fig. 5.1a, b) offers a unique window into the deep continental 

biosphere, where the growth of different microbial consortia strongly depends on the flow, oxygen 

content and the chemical composition of the feeder fluids employed. 

 

Fig. 5.1 (a) Location of the Äspö Hard Rock Laboratory (HRL); (b) 3D sketch of the HRL tunnel system 

beneath the island of Äspö; arrows indicate the location of the flow reactor experiments at (c) site 1327B and 

(d) site 2156B; (e) flow reactor, as used in this study, prior to installation; (f) flow reactor after opening, 

showing mineralized microbial mat development after two months. 

Under appropriate conditions, the resulting microbial mats are dominated by Gallionella 

ferruginea, an auto- and mixotrophic, microaerophilic, iron-oxidizing bacterium that uses Fe(II) as 

an electron donor and CO2 or carbohydrates as carbon source (Hallbeck and Pedersen, 1991; 

Hallbeck et al., 1993). G. ferruginea was first described by Ehrenberg (1836) who characterized its 



Chapter 5   -   TREE accumulation and fractionation 

82 

twisted extracellular stalk as a unique morphological trait. According to Hallbeck et al., (1993),  

G. ferruginea lives at circum neutral pH and at temperatures between 5-25°C. The production of 

the stalks, which consists of as yet unknown extracellular polymeric substances (EPS), seems to be 

limited to pH values above 6 (Hallbeck et al., 1993). Directing the iron oxidation to the stalks, at 

distance from the cells, probably protects G. ferruginea against oxygen radicals formed during the 

iron metabolism (Hallbeck and Pedersen, 1995; Hallberg and Ferris, 2004). The stalk length seems 

positively correlated with the amount of iron oxyhydroxides precipitated and the co-precipitation of 

lanthanides, Th and U (Anderson and Pedersen, 2003). Here, we demonstrate that the growth of  

G. ferruginea is accompanied by a massive enrichment of TREE in the iron oxidizing microbial 

systems, together with the establishment of distinctive fractionation patterns. The patterns observed 

were compared with those reported for ancient Banded Iron Formations (BIF) deposits indicate that 

iron oxidizing microorganisms may have contributed to the formation of BIF.  

5.3 Materials and Methods 

5.3.1 Flow reactors 

A flow reactor experiment was designed to investigate microbial iron biomineralization 

and TREE accumulation under controlled conditions that should as far as possible mimic 

biomineral formation within any local natural biofilm. Dark, air-tight flow reactors (non-

pressurized) were employed to simulate the environmental conditions similar to cavities 

within the surrounding granodioritic host rock (Figs. 5.1 b-f). Only chemically inert 

materials such as polytetrafluoroethylene (PTFE, Teflon®), PTFE – fibre glass, fluorinated 

ethylene propylene (FEP) and special PTFE – foam were used as construction materials to 

avoid biological contamination from the surrounding environment and chemical 

contamination from glass and plastic ware. The flow reactor systems and connection 

tubings were thoroughly sterilized with ethanol (70%, overnight) before underground 

installation.  

Reference geochemical sampling of feeder fluids available at the different tunnel levels 

was performed prior to installation of the flow reactors to select suitable installation sites. 

According to the results, and considering published data (Ferris et al., 1999; Laaksoharju et 

al., 1999; SICADA database), the flow reactor sets were connected to two chemically 

different aquifers at 183m bsl (site 1327B) and 290m below sea level (site 2156B)  

(Fig. 5.1 b-d). The shallower aquifer shows a major Baltic Sea water influence, whereas 

the deeper aquifer contains a mixture of recent and ancient Baltic Sea water, and glacial 

melt water. Both aquifers contained the iron oxidizing bacterium G. ferruginea. 
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During the experiment the reactors were kept strictly unaffected, except for sampling of 

reactor water and microbial mats after two months, and nine months, respectively. The 

closed reactors were regularly controlled for maintenance/tightness, and in- and outflowing 

waters were routinely sampled and analyzed for physicochemical fluctuations. 

5.3.2 Chemical Analysis 

Oxygen was measured using the Winkler method (Hansen 1999). Anion concentrations, 

measured by titration and ion chromatography, conductivity, pH and spectrophotometrical 

Fetotal/Fe(II) data were analysed immediately after sampling by the certified chemistry lab 

of the Swedish Nuclear Fuel and Waste Management Co (SKB) at the Äspö HRL. TREE 

were analysed using Inductive Coupled Plasma Mass Spectrometry (ICP-MS; Perkin 

Elmer SCIEX Elan DRCII) and Optical Emission Spectroscopy (ICP-OES; PerkinElmer 

Optima 3300 DV). For sample conservation and TREE measurements, concentrated, 

distilled HNO3 was added to 50ml water samples (final concentration 2% HNO3). After 

sampling, the microbial mats were frozen, transported in dry ice, and stored at -20°C in 

until analysis. In order to quantify the amounts of REE in the mineral precipitates, 4ml of 

H2O2 and 2ml of concentrated, distilled HNO3 were added to 500mg of lyophilized sample. 

The resulting solutions containing the dissolved mineral precipitates were diluted in 50ml 

of deionised water (final concentration 4% HNO3). These solutions, a reference sample 

(blank) containing all chemicals used and the water samples were spiked with internal Ge, 

Rh, In and Re standards and analysed by ICP-MS and ICP-OES.  As a reference, Fetotal was 

also measured by ICP-OES and was in good agreement with the spectrophotometrical data 

(1% deviation). Carbon (Ctot) and nitrogen analyses were performed with a CNS Elemental 

Analyzer (HEKAtech Euro EA) and Ctot and organic carbon (Corg) with a Leco RC 412 

multiphase carbon analyzer.  

5.3.3 Scanning Electron Microscopy and Energy dispersive X-ray Analysis (SEM-EDX) 

For SEM-EDX analysis, samples were fixed in 2% glutardialdehyde immediately after 

sampling and stored at 4°C until analysis. Prior to measurement, the samples were 

dehydrated in rising ethanol concentration (15% to 99%), mounted on SEM sample holders 

and sputtered with Au-Pd (7.3nm for 120sec). Samples were analysed using a field 
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emission SEM (LEO 1530 Gemini) combined with an INCA X-act EDX (Oxford 

Instruments). 

5.4 Results  

5.4.1 Feeder fluid chemistry 

Basic water chemistry data for the feeder fluids are given in Table 1. Replicate analyses (data not 

shown) revealed that their chemical properties remained virtually stable over the duration of the 

experiments (STD below 10%). Both feeder fluids contained brackish waters with salinities of 

5.8‰ at site 1327B (183m bsl), and 7‰ at site 2156B (290m bsl). Oxygen measurements revealed 

stable O2-concentrations between 0.28 and 0.38mg/l in the feeder fluids and thus, suboxic 

conditions. The shallower aquifer, being influenced by recent Baltic Sea water, contained higher 

amounts of sulphate and showed a higher alkalinity. At both sites, Fe in the feeder fluids is 

exclusively present as ferrous iron (Fe (II), Tab. 5.1). Fe concentrations were considerably higher at 

site 1327B than at site 2156B.  

 pH 
Cond. 
mS/m 

HCO3
- 

[mg/l] 
Cl- 

[mg/l] 
Br- 

[mg/l]
F- 

[mg/l] 
SO4

2- 
[mg/l]

Sulfide 
[mg/l] 

Fetotal 
[mg/l] 

Fe2+ 
[mg/l] 

O2 
[mg/l]

1327B 
feeder 
fluid 7.33 978 209 3059 14.3 1.54 425 0.07 1.68 1.68 0.28 
2156B 
feeder 
fluid 7.41  1188 139 3926 19.4 1.51 313 0.03 0.60 0.59 0.38 

Table 5.1 Basic chemical parameters characterizing the feeder fluids. Mean values (<10% STD) 

obtained from replicate sampling over the duration of the experiment.  

5.4.2 Microbial mat development 

Both flow reactors showed a rapid development of microbial mats after two months. 

Macroscopically, the mats consisted of ochre, fluffy material (Fig. 5.1f). SEM studies 

showed a massive abundance of twisted filamentous EPS stalks characteristic for G. 

ferruginea (Fig. 5.2a). These stalks still showed a delicate filamentous structure with only 

few mineral precipitates (Fig. 5.2b).  

After nine months, the flow reactor at both sites still exhibited macroscopically similar 

microbial mats, but the stalks were extensively incrusted with mineral precipitates  

(Fig. 5.2c). These minerals predominantly consisted of 2-line ferrihydrite, as revealed by 

XRD measurements (data not shown). Although microbially formed ferrihydrites are 
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relatively stable mineral phases (Kennedy et al., 2004), their water content may vary 

(Schwertmann et al., 1999), and we therefore use the comprehensive term iron 

oxyhydroxides in this paper. Next to the iron oxyhydroxides, the aged mats also showed 

the presence of authigenic minerals which were identified as gypsum using SEM-EDX 

(Fig. 5.2d). 

 

Fig. 5.2 (a) SEM micrograph of the two months old microbial mat from the flow reactor at site 1327B, 

showing the twisted EPS-stalks of G. ferruginea;  (b) EPS-stalks sampled after two months, still showing a 

pristine filamentous structure; (c) EPS-stalks sampled after nine months, in part showing heavy iron 

oxyhydroxide impregnation; (d) authigenic gypsum crystals in a nine months old microbial mat. 
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The organic carbon (Tab. 5.2) concentrations of the microbial mats remained fairly 

constant during the experiment and did not exceed 3.7% at site 2156B and 7% at site 

1327B. At both sites, the content of nitrogen remained stable at 0.3%. 

% 
1327B  

2 months 
1327B  

9 months 
2156B  

2 months 
2156B  

9 months 
Corg 7.0  5.7 3.6  3.7  
Cinorg 1.3  0.4  0.1  0.2  
 Ntot 0.3  0.3  0.3 0.3  

Table 5.2 Concentrations (%dry weight) of organic carbon (Corg), inorganic carbon (Cinorg), and total nitrogen 

(Ntot) in the mineralized microbial mats after two and nine months. 

5.4.3 TREE accumulation and fractionation 

The concentrations of all cations analysed in the feeder fluids and in the microbial mats are 

given in table 5.3. In both flow reactors, the main element patterns of the microbial mats 

were always dominated by iron (Fig. 5.3). Other main elements, such as Al, Si, Na, Ca and 

Mg showed considerably different relative abundances at both sites after the initial two 

months period (Fig. 5.3a, c). After nine months, however, Si, Na, Ca and Mg approached 

similar distributions (Fig. 5.3b, d). The bivariate plots provided in figure 5.4 illustrate the 

element accumulation in the microbial mats. Compared to the feeder fluids, the microbial 

mats showed remarkable accumulations of most TREE. In both flow reactors, the REE and 

the trace elements Be, Y, Zr, Nb, Hf, Pb, Th and W were 103-104 fold enriched after two 

months. After nine months, these elements showed up to 106 fold enrichments. In contrast, 

Ca, Na, Mg, and K did not accumulate during the first two months in the mats though these 

elements were available at high concentrations in the feeder fluids. Even after nine months, 

only minor enrichments of these elements occurred (Fig. 5.4). 
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Site 1327B Site 2156B 

  

Feeder fluids 
mean [mg/l] 

Microbial mat  
after 2 months [mg/kg] 

Microbial mat 
after 9 months [mg/kg] 

Feeder fluids  
mean [mg/l] 

Microbial mat  
after 2 months [mg/kg] 

Microbial mat  
after 9 months [mg/kg] 

Li 0.050 ± 0.0068 0.0082 ± 0.0011 1.25 ± 0.169 0.264 ± 0.0356 0.130 ± 0.018 14.2 ± 1.91 

Be 0.00009 ± 0.00001 0.081 ± 0.008 10.4 ± 0.971 0.00004 ± 0.000003 0.174 ± 0.0163 13.1 ± 1.23 

Sc 0.002 ± 0.0002 1.031 ± 0.133 3.98 ± 0.514 0.0019 ± 0.00025 1.38 ± 0.1776 7.74 ± 1.00 

V 0.011 ± 0.0006 0.322 ± 0.018 24.6 ± 1.40 0.0159 ± 0.00090 0.183 ± 0.0104 9.31 ± 0.530 

Co 0.00037 ± 0.00003 0.011 ± 0.0008 0.21 ± 0.015 0.0010 ± 0.00007 0.025 ± 0.0018 1.09 ± 0.080 

Ni 0.0056 ± 0.0002 0.075 ± 0.0025 1.55 ± 0.052 0.0158 ± 0.00053 0.097 ± 0.0033 0.801 ± 0.0270 

Cu 0.00133 ± 0.00007 0.049 ± 0.0027 11.0 ± 0.606 0.0016 ± 0.00009 0.117 ± 0.0065 0.905 ± 0.0500 

Zn 0.00158 ± 0.00012 0.223 ± 0.017 75.0 ± 5.60 0.00056 ± 0.000041 0.216 ± 0.0161 9.95 ± 0.742 

Y 0.00017 ± 0.00001 0.636 ± 0.025 65.9 ± 2.56 0.00046 ± 0.000018 5.65 ± 0.2197 313.0 ± 12.2 

Zr 0.00010 ± 0.00001 0.141 ± 0.018 14.4 ± 1.82 0.000012 ± 0.000002 0.157 ± 0.0198 8.79 ± 1.11 

Nb 0.000008 ± 0.0000001 0.0033 ± 0.00006 0.357 ± 0.006 0.000011 ± 0.0000002 0.015 ± 0.0003 0.963 ± 0.0166 

Mo 0.00094 ± 0.00015 0.022 ± 0.003 2.11 ± 0.33 0.0061 ± 0.00096 0.221 ± 0.0348 11.0 ± 1.73 

Cd 0.000019 ± 0.000003 0.00011 ± 0.00002 0.042 ± 0.0060 0.00012 ± 0.000018 0.00076 ± 0.00011 0.0128 ± 0.00182 

Sb 0.0000078 ± 0.0000010 0.00048 ± 0.00006 0.046 ± 0.0056 0.000016 ± 0.000002 0.00099 ± 0.00012 0.0269 ± 0.00327 

Rb 0.025 ± 0.002 0.0089 ± 0.0008 1.10 ± 0.103 0.0202 ± 0.00189 0.016 ± 0.0015 1.45 ± 0.136 

Sr 1.83 ± 0.056 10.0 ± 0.31 807 ± 24.8 5.95 ± 0.183 22.8 ± 0.702 1197 ± 36.9 

Cs 0.0028 ± 0.0003 0.0013 ± 0.0001 0.162 ± 0.015 0.0016 ± 0.00015 0.0017 ± 0.0002 0.12 ± 0.01 

Ba 0.076 ± 0.0008 6.25 ± 0.063 580 ± 5.81 0.0328 ± 0.00033 2.85 ± 0.029 145 ± 1.45 

La 0.000029 ± 0.000002 0.168 ± 0.012 20.5 ± 1.43 0.000074 ± 0.000005 1.30 ± 0.090 80.5 ± 5.61 

Ce 0.000049 ± 0.000004 0.246 ± 0.019 31.9 ± 2.51 0.00010 ± 0.000008 1.96 ± 0.154 126 ± 9.91 

Pr 0.0000074 ± 0.0000004 0.034 ± 0.002 5.42 ± 0.31 0.000013 ± 0.000001 0.250 ± 0.014 20.1 ± 1.14 

Nd 0.000041 ± 0.000005 0.158 ± 0.018 24.9 ± 2.81 0.000061 ± 0.000007 1.10 ± 0.12 88.4 ± 9.99 

Sm 0.000011 ± 0.000001 0.039 ± 0.0022 6.20 ± 0.346 0.000013 ± 0.000001 0.26 ± 0.015 21.3 ± 1.19 

Eu 0.000005 ± 0.0000004 0.009 ± 0.0006 1.15 ± 0.082 0.0000033 ± 0.0000002 0.037 ± 0.0027 2.99 ± 0.213 

Gd 0.000016 ± 0.000002 0.066 ± 0.0101 9.75 ± 1.496 0.000030 ± 0.000005 0.483 ± 0.074 35.9 ± 5.50 

Tb 0.0000017 ± 0.0000003 0.008 ± 0.0013 1.26 ± 0.213 0.0000031 ± 0.000001 0.070 ± 0.012 5.62 ± 0.952 

Dy 0.000013 ± 0.000002 0.053 ± 0.0064 7.67 ± 0.913 0.000027 ± 0.000003 0.522 ± 0.062 38.2 ± 4.54 

Ho 0.000003 ± 0.000001 0.013 ± 0.0026 1.89 ± 0.367 0.000007 ± 0.000001 0.129 ± 0.025 9.28 ± 1.80 
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Er 0.000010 ± 0.000002 0.040 ± 0.0091 5.73 ± 1.30 0.000023 ± 0.000005 0.392 ± 0.089 27.8 ± 6.31 

Tm 0.0000010 ± 0.0000001 0.0050 ± 0.0004 0.70 ± 0.054 0.0000024 ± 0.0000002 0.048 ± 0.004 3.33 ± 0.258 

Yb 0.000014 ± 0.000001 0.032 ± 0.0028 4.28 ± 0.376 0.000019 ± 0.000002 0.275 ± 0.024 18.9 ± 1.66 

Lu 0.0000021 ± 0.00000002 0.0056 ± 0.0001 0.767 ± 0.009 0.0000032 ± 0.00000004 0.042 ± 0.0005 2.87 ± 0.032 

Hf 0.0000014 ± 0.0000002 0.0009 ± 0.0001 0.095 ± 0.011 0.00000018 ± 0.00000002 0.001 ± 0.0001 0.082 ± 0.010 

W 0.000248 ± 0.000043 0.115 ± 0.020 14.5 ± 2.50 0.00030 ± 0.000051 0.306 ± 0.0529 16.7 ± 2.88 

Tl 0.0000056 ± 0.000001 0.000002 ± 0.000001 0.002 ± 0.00039 0.00000052 ± 0.0000001 0.000019 ± 0.000005 0.0018 ± 0.00042 

Pb 0.0000082 ± 0.00000017 0.0016 ± 0.00003 0.787 ± 0.0166 0.000019 ± 0.0000004 0.0058 ± 0.00012 0.058 ± 0.001 

Bi 0.0000006 ± 0.00000001 0.000035 ± 0.000001 0.005 ± 0.00011 0.00000040 ± 0.00000001 0.000098 ± 0.000002 0.001 ± 0.000 

Th 0.0000004 ± 0.00000001 0.0011 ± 0.00003 0.229 ± 0.00701 0.0000016 ± 0.0000001 0.0043 ± 0.00013 0.612 ± 0.019 

U 0.000351 ± 0.000013 0.0067 ± 0.0002 0.756 ± 0.0273 0.00033 ± 0.000012 0.014 ± 0.0005 0.638 ± 0.023 

Al 0.164 ± 0.0090 8.5 ± 0.47 114 ± 6.28 0.260 ± 0.0143 2139 ± 118 7646 ± 421 

Si 2.682 ± 0.147 61.6 ± 3.39 35478 ± 1951 1.23 ± 0.07 200.1 ± 11.0 40627 ± 2234 

Fe 1.69 ± 0.093 2510 ± 138.0 498425 ± 27413 0.596 ± 0.033 11455 ± 630 375296 ± 20641 

Mn 0.784 ± 0.049 7.81 ± 0.492 660 ± 41.6 0.608 ± 0.038 11.2 ± 0.70 385 ± 24.2 

Ca 286 ± 17.2 1.4 ± 0.08 39083 ± 2345 764 ± 45.9 1.16 ± 0.07 56101 ± 3366 

Mg 155 ± 8.5 0.305 ± 0.017 4585 ± 252 96.0 ± 5.3 0.422 ± 0.023 3558 ± 196 

Na 1630 ± 89.7 0.128 ± 0.007 26763 ± 1472 1595 ± 87.7 0.312 ± 0.017 54181 ± 2980 

K 25.2 ± 1.39 0.149 ± 0.008 706 ± 38.8 11.64 ± 0.64 0.250 ± 0.014 194 ± 10.6 

Table 5.3 TREE concentrations of the feeder fluids and in the iron oxidizing microbial mats after two and nine months, respectively. 
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Fig. 5.3 Distribution of the major cations within the mineralized microbial mats after two months (a, c) and  9 

months (b, d), respectively. Note the convergence of the major element patterns over time, although the mats 

were fed by chemically differing aquifers. 
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Fig. 5.4 Bivariate plots of TREE accumulation of the mineralized microbial mats after two and nine months with 

respect to the inflowing water, (a) at site 1327B, and (b) at site 2156B. At both sampling intervals and at both 

sites, highest accumulation rates are observed for REE, Be, Y, Zr, Nb, Hf, Pb, Th, and W, whereas Ca, Na, Mg, 

and K are accumulated in only low amounts, and only in the nine months old microbial mats.  
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Fig. 5.5 Plot illustrating the REE +Y fractionation in the microbial iron oxyhydroxides from the respective 

feeder fluids. Nearly uniform REE+Y accumulations are observed, except for minor negative Eu and Y 

anomalies, indicating a largely radius-independent fractionation of REE+Y from the feeder fluids. 

5.5 Discussion 

 The microbial mineral precipitates formed during the experiment showed distinct changes 

over time in their morphological structure as well as in their elemental composition (Figs. 

5.2b, c, 5.3a-d, 5.4a, b). Inasmuch as the feeder fluid chemistry did not change considerably 

during the microbial mat development, we attribute these chemical changes to processes 

occurring within the microbial mat.  

The G. ferruginea EPS-stalks, after two months, still showed a delicate structure of twisted 

filaments and only few iron oxyhydroxide precipitates, but the microbial mats already 

exhibited a 104fold accumulation of Fe and TREE. It has been proposed that during the iron 

oxidation process in the young G. ferruginea stalks, initial mineralization of hematite (Fe2O3) 

takes place within the filaments, whereas aging stalks increasingly precipitate iron 

oxyhydroxides outside the filaments (Hallberg and Ferris, 2004). The presence of hematite 

was not observed in our experiments. But the still pristine filament surfaces (Fig. 5.2b) 

suggest that the iron oxidation process, accompanied by iron oxyhydroxide and TREE 

precipitation, is predominantly occurring within the filaments at an early stage of 

mineralization.  
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Within the ‘young’ microbial mats, the G. ferruginea EPS-stalks play a crucial role in mineral 

precipitation because they offer large reactive surfaces for the biosorption of metals. This 

process does not depend on the absolute amount of metals present (Haferburg et al., 2007). 

Rather, metals with a higher positive charge tend to show enhanced biosorption. Such 

enhanced biosorption to the EPS-stalks may partially explain the higher enrichments observed 

for the 3-and 4-valent elements Al and Si, REE, Y, Zr, Hf, Pb, Th, and W compared to lower 

valent elements like Ca, K, Mg, Na, Cs, Rb and Li. 

However, REE, Be, Y, Zr, Nb, Hf, Pb, Th and W show accumulation rates as high as those of 

Fe (Fig. 5.4a, b). Therefore, we consider scavenging within, and co-precipitation with the iron 

oxyhydroxides as another important process. This assumption is in good agreement with the 

property of iron oxyhydroxides as efficient metal sorbents, which is widely used in technical 

application and remediation activities (de Carlo et al., 1998; Bau, 1999; Cornell and 

Schwertmann, 2004; Michel et al., 2007). Laboratory studies investigating the properties of 

inorganic iron oxyhydroxides as metal sorbents have demonstrated their strong accumulation 

capacities for REE+Y (Carlo et al., 1998; Bau, 1999). These studies also showed that the 

sorption of REE+Y onto iron oxyhydroxides increases strongly, up to a 104 fold, with 

increasing pH. With pH values increasing toward neutral conditions, however  the REE+Y 

graphs develop (i) a strong negative Y anomaly and (ii) a more and more sigmoidal shape 

reflecting preferential accumulation of the middle and heavy REE (Sm-Lu), and a retard of 

the light REE (La-Nd) (Bau, 1999). The microbial iron oxyhydroxides formed in our 

experiments revealed extremely high accumulation rates of REE+Y, but their distribution 

pattern (Fig. 5.5) showed no sigmoidal shape and only a minor Y-anomaly. Rather, the 

REE+Y consistently accumulated in the microbial mats. This observation implies that the 

microbially assisted fractionation of REE+Y from the feeder fluids and their incorporation 

into the iron oxyhydroxides is a radius-independent process. We suggest this REE+Y pattern 

as a biosignature for the distinction between microbially mediated vs. inorganically formed 

iron oxyhydroxides. 

The ongoing incrustation of the G. ferruginea stalks (Fig. 5.2c) most likely caused a gradual 

depletion of the biosorption capacities controlled by the organic surfaces of the EPS (i.e. 

passive mineralization). At a later stage of the experiment, indirect mineral precipitation 

becomes more and more apparent and is likely to account for significantly higher 

accumulations of Si and the lower valent cations Ca, Mg, Na (Fig. 5.3 b, d), Cs, Sr, Se, Li 

(Fig. 5.4) in the microbial mats. Gypsum precipitation, evidently due to the changing 

chemical equilibrium in the solution can likewise be attributed to indirect biomineralization, 
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and may be an inevitable result of the iron oxidation by G. ferruginea.  Although the exact 

pathway is as yet unknown, the following equation has been plausibly proposed for the iron 

oxidation process performed by G. ferruginea (Hallberg and Ferris, 2004):  

4 Fe2+ + X•O2 + (1-X) •CO2 + 4 H+  4 Fe3+ + (1-X) •CH2O + (2-X) •H2O             [1] 

The removal of dissolved CO2 during the iron oxidation process leads to a shift of the 

chemical equilibrium through a drop in alkalinity. The depletion of carbonates causes Ca to 

bind preferably to sulphate (SO4
2-), which is present in high concentrations in the feeder fluid 

(Table 1), thus leading to the precipitation of gypsum (Fig. 5.2d). Elements similar to Ca in 

charge and/or size, like Mg, K, Na, Cs, and Sr, are easily incorporated in the gypsum lattice, a 

process which may contribute to the enhanced accumulation of these elements within the aged 

microbial mat (Fig. 5.4). 

When normalized on PAAS (Post-Archaean average Australian sedimentary rock; McLennan, 

1989), the REE+Y plots of the feeder fluids and the microbial iron oxyhydroxides show a 

slight enrichment of the heavy REE (Gd-Lu+Y) over the light REE (La-Eu) (Fig. 5.6). This 

pattern is often referred to as 'hydrogenous' (Takahashi et al., 2002) and has been explained 

by different chemical complex formation of the REE+Y in aqueous solutions, rather than a 

merely charge- and radius-controlled behaviour (CHARAC; Takahashi et al., 2002, Bau, 

1996).  

When normalized on the feeder fluids, the REE+Y patterns of the microbial iron 

oxyhydroxides quite exactly mirror the source, thus displaying a consistent radius-

independent fractionation (Fig. 5.5).  It is interesting to see that these patterns (Fig. 5.6) have 

a high similarity to published REE patterns of Archaean BIF (Bau and Dulski, 1996; Frei et 

al., 2008). The only exception is a positive Eu anomaly in BIF, that is most likely derived 

from hydrothermal influence (Michard and Albrède, 1986; Frei et al., 2008) and is lacking in 

the feeder fluids and in the iron oxyhydroxides from Äspö. The common REE+Y patterns in 

the microbial iron oxyhydroxides and BIF differ significantly from those observed in pure 

chemical iron oxyhydroxide precipitates. We therefore suggest the REE+Y pattern as a 

biosignature for microbial iron oxidation, supporting the idea that this process was a key 

factor in the formation of BIF (Konhauser et al., 2002; Kappler and Newmann, 2004). 
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Fig. 5.6 Plot illustrating the PAAS-normalized REE +Y patterns of the feeder fluids and the microbial iron 

oxyhydroxides, in comparison to published data for modern seawater and BIF. Note the similarity between the 

REE +Y patterns of microbial iron oxyhydroxides and BIF. 
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5.6 Conclusions 

In a suboxic aquifer system hosted by granodioritic rocks and influenced by Baltic Sea water, 

the development of iron oxidizing microbial mats was studied employing a closed flow-

reactor system. Over the nine months of the experiment, the microbial mats were dominated 

by the iron-oxidizing bacterium Gallionella ferruginea which precipitated microbial iron 

oxyhydroxides along its EPS-stalks. The deposition of these iron minerals is initially 

controlled by the metabolic activity of G. ferruginea and passive mineralisation processes 

caused by the high biosorption capacity of the young EPS-stalks. Upon aging, ongoing iron 

oxyhydroxide impregnation causes a gradual depletion of the biosorption capacities of the 

EPS-stalks. As a result, indirect mineral precipitation becomes increasingly important over 

time. 

The iron-oxidizing microbial mats proved to be extremely efficient in the accumulation of 

trace and rare earth elements (TREE), leading to massive (up to 106 fold) enrichments of 

individual metals in the microbial iron oxyhydroxides. The REE+Y pattern of the microbial 

iron oxyhydroxides is distinctly different from chemically precipitated iron oxyhydroxides, 

but shows a strong resemblance to REE+Y patterns of Banded Iron Formations (BIF). These 

findings lend further support to the hypothesis that iron-oxidizing microorganisms such as G. 

ferruginea may have been involved in the formation of BIF. 
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6.1 Abstract 

Fracture minerals within the ca 1.8 Ga old Äspö Diorite (Sweden) were investigated for fossil 

biosignatures of subterranean microbial activity. Core samples were obtained at 450 m depth in the 

Äspö Hard Rock Laboratory. To track organic or inorganic remnants of an ancient deep biosphere 

in situ, an analytical approach combining complementary techniques of high lateral resolution was 

adopted. This approach included polarization microscopy, time-of-flight secondary ion mass 

spectrometry (ToF-SIMS), confocal Raman microscopy, electron microprobe, and laser ablation 

inductively coupled mass spectrometry (LA-ICP-MS). 

The analyses of a fracture mineral succession consisting of fluorite and low-temperature calcite 

demonstrated the presence of a thin (20-100µm), dark amorphous layer lining the boundary 

between the two phases. Exactly following the distribution of the amorphous layer, significant 

accumulations of Si, Al, Mg, Fe, and the light rare earth elements were observed. In the same area, 

ToF-SIMS imaging revealed numerous, partly functionalized organic ions, e.g. C2H6N
+, C4H7

+, 

C3H5O
+, and C6H11

+. The presence of such functionalized organic compounds within the 

amorphous layer was corroborated by Raman imaging showing bands characteristic for C-C, C-N, 

and C-O bonds. According to its organic nature and the abundance of relatively unstable N- and O- 

heterocompounds, the organic-rich amorphous layer was interpreted to represent the remains of a 

biofilm that established much later than the initial cooling of the Precambrian host rock. Indeed, 

δ13C, δ18O and 87Sr/86Sr isotope analyses of the fracture minerals and the host rock pointed to an 

association of the fossil biofilm with a fracture reactivation event in the most recent geological 

past. This event probably occurred at the end of the last glaciation (Weichselian), and was induced 

by pressure relief due to melting of the Baltic ice masses. Along the reactivated fractures, glacial 

melt waters, meteoric and marine waters were injected deeply into the underlying igneous rocks. 

The fracture system thus provided surfaces and a steady fluid and nutrient supply that fueled 

intermittent microbial activity. Thriving of the deep biosphere organisms was cut off by secondary 



Chapter 6   -   Ancient microbial activity in fracture fillings 

100 

calcite precipitates that now provide a unique archive of the microbial and hydrologic processes 

that once occurred at depth.   

6.2 Introduction 

Microbial life exists in, and seems to be adapted to, all kinds of ecological niches on earth. 

Numerous reports exist about diverse, well adapted, active microorganisms recovered from 

sedimentary and igneous rocks, being most likely indigenous, and occurring as deep as several 

kilometers. Such occurrences raise the questions of (a) how the organisms got down there, (b) how 

they are able to maintain life and growth, (c) what the limiting factors for life in the deep biosphere 

are. Fluids, minerals, and H2 and CH4 from degassing volcanic or plutonic rocks are considered as 

widespread nutrient and energy sources fueling chemotrophic ecosystems at depth (Pedersen, 2000; 

Amend and Teske, 2005; Dobretsov et al., 2006). Learning more about recent and ancient life in 

deep subterranean environments may help to understand how life evolved and survived crises such 

as meteorite impacts, increased volcanic activity, or global glaciations such as the Late 

Precambrian Snowball Earth. Models about the habitability of the Hadean Earth indicate that even 

the late heavy meteorite bombardment around 3.9 Ga would not have been able to extinguish the 

primeval biosphere, considering the existence of near- and subsurface biota within the Earth’s crust 

(Abramov and Mojzis, 2009).  

There is now ample evidence for the existence of living microorganisms and microbial mats in 

groundwater aquifers within terrestrial igneous rocks (Szewzyk et al., 1994; Kotelnikova and 

Pedersen, 1998; Pedersen, 2000; Kotelnikova, 2002; Reitner et al., 2005; Horsfield et al., 2006; 

Kyle et al., 2008; Sahl et al., 2008; Eydal et al., 2009). Likewise, numerous reports exist about 

fossilized remnants of microbial mats and microorganisms, but especially in sediments it is often 

difficult to distinguish whether such biosignatures derive from buried surface (or near-surface-) 

biota or from an indigenous subsurface biosphere (Ventura et al., 2007). Many studies on fossil 

deep biosphere systems therefore focused on fracture fillings and mineral-filled cavities within 

different, mostly igneous, rocks that have never been exposed to the surface (Pedersen et al., 1997; 

Banerjee et al., 2006; Hofmann et al., 2008; Ivarsson et al., 2008, Staudigel et al., 2008; Bons  

et al., 2009). Within igneous rocks, fractures can provide a steady fluid and nutrient supply and 

surfaces suitable of hosting different kinds of chemoheterotrophic and chemolithotrophic 

microorganisms. These structures, after being sealed by fracture mineral precipitation, may archive 

geochemical traces of the microbial and hydrologic processes that once occurred at depth. 

Permineralized fractures can therefore be considered as promising targets in the search for ancient 

biosignatures in continental igneous rocks. 

Apart from (electron) microscopy, geochemical tracers such as lipid biomarkers and stable isotopes 

(e.g. δ13C, δ34S, δ56Fe) are successfully used in paleoenvironmental studies to reconstruct 
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biocommunities, biogeochemical pathways, microbial phylogeny, biodegradation, and thermal 

maturation (e.g., Canfield, 2001, Joachimski et al., 2001; Anbar, 2004; Peckmann and Thiel, 2004; 

Peters et al., 2004; Brocks and Pearson, 2005; Blumenberg et al., 2007). For in situ fracture 

mineral studies, lipid biomarker techniques are limited in their applicability, as they require 

relatively large sample quantities, and always cause destruction of the sample. Hence, isotope 

analyses, trace and rare earth element fractionations, and morphological studies of crystals and 

biomorphs are more frequently used for biogeochemical investigations of fracture fillings and 

mineral filled cavities (e.g. Westall and Folk, 2003; Banerjee et al., 2006; Hofmann et al., 2008; 

Staudigel et al., 2008; Sandström and Tullborg, 2009; Dideriksen et al., 2010). Here we present a 

comprehensive approach to the geochemical information preserved in  fracture fillings, combining 

polarization microscopy, time-of-flight secondary ion mass spectrometry (ToF-SIMS), confocal 

Raman microscopy, electron microprobe (EMP), laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) and isotope analyses (δ13C, δ18O and 87Sr/86Sr). This approach allowed 

to study the composition, structure, and spatial distribution of the molecules and chemical 

structures present in the fracture fillings at the microscopic range. Most analyses were performed 

on the same sample section, and with full control on the area of investigation, while preserving the 

structural integrity of the sample.  

 

Fig. 6.1 Study area. (A) Major geological units of Sweden: SSD = Southwest Scandinavian Domain; TIB = 

Transcandinavian Igneous Belt; SF = Svecofennian Domain; PC = Phanerozoic cover; Äspö HRL = location 

of the Äspö Hard Rock Laboratory. (B) Sketch of the Äspö Hard Rock Laboratory tunnel system beneath the 

island of Äspö; black lines indicate major fracture zones. 

6.3 Geological setting of the Äspö site 

Samples were taken from a 50 mm drill core (KJ 0052F01, 11.6 m) obtained at 450 m depth in the 

Äspö Hard Rock Laboratory, a tunnel drilled beneath the island of Äspö in south eastern Sweden, 

ca. 400 km south of Stockholm (Fig. 6.1). The Äspö Hard Rock Laboratory is operated by the 

Swedish Nuclear Fuel and Waste Management Company (SKB) as a testing site for the long-term 
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deposition of nuclear waste. The host rock of the Äspö site belongs to the Precambrian 

Transscandinavian Igneous Belt and consists of ~ 1.8 Ga old granitic to quartz-monzodioritic rocks 

(Wahlgren et al., 2006). Intrusions of the Götemar/Uthamar granites, concomitant hydrothermal 

fluids at 1.45 Ga (Kornfällt et al., 1997; Åhäll 2001), and the Caledonian orogeny (e.g. Roberts, 

2003) led to several fracture formation, -mineralization and –reactivation events. In the major Äspö 

area, six different fracture mineralization events can be distinguished (Tullborg et al., 2008), 

whereof four were linked to Precambrian hydrothermal fluids (generations 1 to 4), one to warm 

Palaeozoic brine fluids (generation 5a and b) and one to low-temperature fluids of Quaternary age 

(generation 6, Drake et al., 2007; Tullborg et al., 2008; Drake and Tullborg, 2009). Fracture 

reactivation in the Quaternary has been attributed to glacially induced faulting (Lund, 2006). 

Fracture minerals and present ground waters are influenced by glacial and meteoric waters, as well 

as marine waters from earlier stages of the Baltic Sea (Yoldia Sea and Littorina Sea; Laaksoharju et 

al., 2004;Wallin et al., 2007). 

6.4 Methods 

Considerable efforts have been made to develop a protocol for the contamination-free sectioning of 

the drill core. Prior to and in between sectioning, the saw and the saw blade were thoroughly 

cleaned with pre-distilled acetone and de-ionised water. For complementary analysis, three parallel 

sections of 4 mm thickness were cut. One of these sections was prepared for polarization 

microscopy. The second section was glued on a glass slide, polished and sputtered with carbon for 

EMP analysis. The third section was rinsed, ultrasonicated with de-ionised water, and kept in 

sterile aluminum foil until ToF-SIMS analysis. This section was also used for LA-ICP-MS and 

Raman microscopy. A Leica DMRC was used for polarization microscopy.  

LA-ICP-MS analyses were performed using a Perkin Elmer SCIEX Elan DRCII instrument 

coupled with a Lambda Physik 193 nm ArF-laser (3 J/cm2, 30 kV, 10 Hz, laser beam diameter 

ca. 60 μm). Three LA-ICP-MS profiles were obtained, transecting the diorite, fluorite and calcite 

phases. Element concentrations were determined using the NBS 610 reference standard (Jochum  

et al., 2005). Rare earth elements (REE) values were normalized to the upper continental crust 

(UCC, Taylor and Mc Lennan, 1981). Trace element and REE values reported in this paper are 

mean values of 15 data points. 

ToF-SIMS molecular mappings were carried out with a ToF-SIMS IV instrument (ION-TOF 

GmbH, Münster, Germany) equipped with a liquid bismuth cluster ion source. Data were acquired 

with a mass resolution of M/∆M 5000, using 25 keV Bi3
+ primary ions at a pulsed current of 0.1 pA 

and a lateral resolution of 3-4 µm. Low energy electron flooding was used for charge 

compensation. The analysed areas were 500 x 500 µm2 and were scanned in a raster pattern at 256 
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x 256 pixels. Positive and negative mass spectra were internally calibrated using CH3
+, C2H3

+, 

C3H5
+, and CH-, C2H

-, C3H
- , C4H

- peaks, respectively. The acquisition times were between 340 s 

and 900 s. Molecular mappings were performed on three different areas along the fracture, 

including a mapping series from the fracture rim to the centre of the diorite. All analyses were done 

under static SIMS condition, i.e. with primary ion doses well below those where significant surface 

damage due to the ion bombardment starts to appear. 

A Witec alpha 300 series instrument was used for Raman microscopy. The sample was examined 

with a 532 nm laser and a 50x air objective (NA 0.55). The scan range was 3000 μm in X and  

1000 μm in Y with 600 x 200 points resolution. Each spectrum was integrated for 0.4 s. The 

advantage of confocal Raman microscopy is the retrievable spatial information of the sample, due 

to the possibility to shift the focal plane from the surface slightly into the sample. Thus it can be 

determined whether an observed peak derives from the sample or may be due to surface 

contamination. 

EMP element mappings and chemical profiles were carried out with a JEOL JXA-8900RL.  

Backscatter, cathode luminescence, Mn, Ca, Al and Si where mapped on an area of 3.5 mm length 

and 1.5 mm width at a resolution of 750 x 300 points. The acceleration voltage was set to 15 kV, 

the beam current to 50 nA. 

For isotope measurements, sample material from the different mineral phases was obtained using a 

hand-held microdrill. A ThermoFinnigan Triton TI was used for the 87Sr/86Sr isotope analyses and a 

Thermo KIEL VI coupled to a Finnigan Delta+ gas mass spectrometer for δ13C and δ18O 

measurements.  

6.5 Results 

6.5.1 Microscopy 

Investigation of microscopic thin sections using polarization microscopy revealed that the fracture 

fillings in the Äspö Diorite often consist of a fluorite phase, which initially precipitated onto the 

diorite, and calcite (Fig. 6.2). The calcite exhibits two crystal varieties, one with idiomorphic 

crystals (calcite phase 1) and one with poorly crystalline, granular calcite (calcite phase 2). Calcite 

phase 2 surrounds calcite phase 1, indicating a lower age of formation for the former (see also EMP 

results). Further, calcite phase 1 crystals seem altered, and smooth transitions between minerals of 

both calcite phases indicate partial dissolution of calcite phase 1 crystals and re-crystallisation with 

calcite phase 2. Along the boundary between the fluorite and the calcite phases, the fluorite crystals 

are corroded, showing some pocket-like niches (Fig. 6.2 C, D). A conspicuous layer of dark 

amorphous matter covers the immediate phase boundary, with some local enrichments in the 

pockets within the fluorite (Fig. 6.2). The thickness of this layer varies between 20 µm and 100 

µm. 
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Fig. 6.2 Sections of the Äspö Diorite and the fracture minerals studied. (A) Thick section exhibiting a 

mineralized fracture on top of the diorite host rock. The dashed white lines indicate phase boundaries 

between the diorite and the fluorite, and between the fluorite and the calcites, respectively. (B) Thin section 

of the fracture minerals under transmitted light. Two calcite phases are distinguishable, one with idiomorphic 

transparent crystals (calcite phase 1) and one with granular and dull to opaque crystals (calcite phase 2), 

partly surrounding the former. The fluorite is altered and somehow corroded at the boundary to the calcite 

and small dark particles are distributed along this calcite-fluorite phase boundary. This amorphous matter is 

especially accumulated in small niches within of the fluorite. (C, D) Close-ups of the fluorite-calcite phase 

boundary, exhibiting the organic-rich amorphous layer under transmitted light (C) and corrosion marks on 

the fluorite surface along the contact area visible under cross-polarized light (D). 

 

6.5.2 LA-ICP-MS 

Trace element and REE concentrations of the fracture filling minerals are given in table 6.1. The 

results show that Fe and especially Mn are noticeably higher in calcite phase 1, whereas calcite  

phase 2 contains slightly higher amounts of Si and light REE (LREE, La-Sm). The amorphous 

layer at the boundary between the fluorite and the calcite phases exhibits particularly high amounts 

of Mg, Al, Si, Fe and REE.  

UCC-normalized REE values (Fig. 6.3) show a considerable enrichment of heavy REE (HREE, 

Gd-Lu) within the calcite. A similar pattern is seen within the fluorite phase but with a preferential 
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enrichment of Gd to Er/Tm and less pronounced Yb and Lu. Both fluorite and calcite phases differ 

from the host rock, which shows a lower total REE content and a slight enrichment of LREE over 

HREE. In contrast to the calcite and fluorite phases, the dark amorphous layer between the calcite 

and fluorite phases exhibited a selective enrichment of the LREE, and a weak negative Eu anomaly  

(Fig. 6.3). 

  
Calcite 
Phase 1 

Calcite 
Phase 1 

Calcite 
Phase2 

Calcite 
Phase 2 

organic 
phase 

organic 
phase Fluorite Fluorite 

Ca  309850 395615 351174 430382 446169 414548 383600 368742 

Mg 313 445 314 148 6595 9759 1130 1783 
Al 126 224 152 175 7517 14613 1692 2450 
Si 304 175 686 670 21796 41642 4054 5413 
P 27 32 37 42 98 103 107 58 
S na na na na na 8 41 na 
Mn 16434 25677 3847 6582 589 1184 112 127 
Fe 1062 1703 565 345 10571 15937 2043 2552 
Sr 90 78 99 106 87,6 99 60 67 
Ba 8 5 21 43 50 128 359 195 
La 21,80 24,06 45,8 55,62 149,2 239,9 23,67 31,25 
Ce 42,35 45,45 53,2 72,93 263,0 354,1 40,49 50,79 
Pr 4,65 4,95 4,7 6,49 25,53 43,98 5,19 6,06 
Nd 17,60 18,80 17,3 24,87 124,8 242,7 24,72 28,70 
Sm 4,16 4,64 3,7 5,39 18,33 28,58 6,54 6,51 
Eu 1,14 1,22 0,9 1,28 8,32 4,20 1,51 1,43 
Gd 4,84 4,70 4,3 4,62 20,51 21,27 8,86 8,19 
Tb 1,10 1,06 0,8 1,04 2,78 2,85 1,73 1,42 
Dy 7,50 7,70 5,7 6,84 18,17 15,27 11,26 9,07 
Ho 1,74 1,77 1,3 1,70 3,38 3,27 2,21 1,93 
Er 5,65 5,76 4,6 5,20 9,22 8,79 6,30 5,49 
Tm 1,13 0,83 0,7 0,46 1,19 1,12 0,72 0,70 
Yb 9,09 6,76 5,9 4,31 6,61 6,36 4,07 4,14 
Lu 1,42 1,06 0,9 0,83 0,74 0,64 0,50 0,48 
Th 0,01 na 0,0 0,11 1,32 1,35 0,19 0,14 
U 0,01 0,01 0,0 0,14 0,91 0,98 0,07 0,11 

Table  6.1 LA-ICP-MS and ICP-MS measurements of the fracture minerals. All values are given in ppm. 
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Fig. 6.3 REE data. (A) LA-ICP-MS line transecting the fracture fillings and the host rock. Note the distinct 

enrichment of REE at the calcite-fluorite phase boundary (red arrow). REE variations within the diorite are 

due to different minerals. (B, C, D) UCC-normalized REE patterns of the calcite phases (B), the fluorite 

phase (C), and the organic-rich amorphous layer (D). The gray shaded area in these diagrams denotes the 

range of host rock REE concentrations.  

 

6.5.3 ToF-SIMS 

Positive and negative ToF-SIMS spectra of the fracture minerals are shown in Fig. 6.4. Beside 

diagnostic ions produced by fluorite and calcite, e.g. F- (19.00 Da) and CaOH+ (56.97 Da), the 

presence of numerous organic fragments was observed (Table 2A, B). Due to the high mass 

resolution of the measurement (M/ΔM ~5000), detailed assignments and separation of peaks at the 

same nominal mass, such as CaOH+ (56.97 Da), C3H5O
+ (57.03 Da) and C4H9

+ (57.07 Da), were 

made possible. Organic fragments occur predominantly in the lower mass range, whereas no high-

mass organic ions (> 400 Da) such as intact lipids were detected. Some of the organic ions contain 

nitrogen and oxygen, others are pure hydrocarbon fragments (Tables 6.2A, B).  

Using the molecular imaging capacity of ToF-SIMS, the diagnostic mineral peaks F- (19.00 Da) 

and CaOH+ (56.97 Da) were used to map the fluorite and calcite phases, and the boundary between 

them (Fig. 6.5C, D). Most individual organic fragments show enhanced concentrations along the 

calcite-fluorite phase boundary, i.e. in the area of the dark amorphous layer (Fig. 6.5F,G). Sum 

images of the major positive and negative organic ions clearly illustrate that the organic fragments 
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are exactly co-localized with that layer (Fig. 6.5I, J). Organic molecules showing a low, but even 

distribution over the sample surface, such as the ion at 366.32 Da (Fig. 6.5K), were regarded as 

contaminants. Further interpretations are given in the discussion chapter. 

 

 
Fig. 6.4 Partial ToF-SIMS spectra from a 500 x 500 µm2 area of the fracture minerals. (A) Positive spectrum. 

(B) Negative spectrum. Numbers denote observed m/z values of the respective peaks; black = inorganic ions; 

blue = organic ions, mainly derived from the organic-rich amorphous layer; red = contaminants 

(polydimethylsiloxane and unknowns). 
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Fig. 6.5 ToF-SIMS ion images calculated from the spectra in Fig. 6.4. (A) Thick section under reflected light 

showing the phase boundary between fluorite and calcite, and the organic-rich amorphous layer (red arrows). 

The area mapped with ToF-SIMS is indicated by a green frame. (B) Close-up of the analysed area, as seen by 

the built-in video camera of the ToF-SIMS instrument. (C – K) Ion images obtained of F-, fluor (C); CaOH+, 

calcium-hydroxide (D); SO3
-
, derived from sulphate (E); C4H7

+, a small hydrocarbon fragment (F); an 

unknown organic ion of high molecular weight (G); summed ions derived from contaminants (H); sum of the 

most prominent positive organic ions (I); sum of the most prominent negative organic ions (J); colour overlay 

of three ion images for fluorite (F-, blue), calcite (CaH+, green) and the organic-rich amorphous layer 

(summed ions, red), respectively (K). 
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Mass observed Assignment Theoretical mass 
29.04 C2H5 29.0391 
30.03 CH4N 30.0343 
31.02 CH3O 31.0184 
41.04 C3H5 41.0391 
43.06 C3H7 43.0548 
44.05 C2H6N 44.0500 
45.04 C2H5O 45.0340 
53.04 C4H5 53.0391 
54.03 C3H4N 54.0344 
55.02 C3H3O 55.0184 
55.06 C4H7 55.0548 
56.06 C3H6N 56.0501 
56.97 CaOH 56.9653 
58.96 CaF 58.9610 
57.04 C3H5O 57.0340 
57.07 C4H9 57.0704 
59.05 C3H7O 59.0497 
67.06 C5H7 67.0548 
69.04 C4H5O 69.0340 
69.07 C5H9 69.0704 
71.06 C3H7N2 71.0609 
73.06 C4H9O/C3H7NO 73.0653/ 73.0528 
81.07 C6H9 81.0704 
83.06 C5H7O 83.0497 
83.09 C6H11 83.0861 
84.05 C5H8O/ C4H6NO 84.0575/ 84.0449 
84.09 C5H10N/ C6H12 84.0813/ 84.0939 
86.07 C5H10O / C4H8NO 86.0732/ 86.0606 
91.06 C7H7 91.0548 
95.09 C7H11 95.0861 

102.05 C5H10S 102.0503 
103.06 C5H11S/ C8H7 103.0584/ 103.0548 
107.09 C8H11 107.0861 
109.10 C8H13 109.1017 
115.05 C9H7  115.0548 
119.05 C5H11SO 119.0531 
123.13 C9H15 123.1174 
128.06 C10H8 128.0626 
131.05 C9H7O 131.0497 
135.09 C5H13NO3 / C8H11N2 135.0895/ 135.0922 
138.14 C10H18 138.1408 
165.07 C6H13O5 165.0763 
196.10 C14H12O 196.0888 
213.10 C14H13O2 213.0916 
366.33 Contam. ?? 

Table 6.2 A Overview of positive mass fragments observed with ToF-SIMS and their tentative assignments. 
Not all peaks related to the organic matter are presented here.  
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Mass observed Assignment Theoretical mass 
41.00 C2HO 41.0027 
42.00 CNO 41.9980 
43.02 C2H3O 43.0184 
58.01 C2H2O2 58.0054 
68.01 C3H2NO 68.01364 
79.96 SO3 79.9568 
93.04 C6H5O 93.0340 
96.96 SO4H 96.9596 

117.03 C8H5O / C5H9O3 117.0340 /  
133.06 C9H9O / C5H9O4 133.0653 / 133.0501 
155.99 C6H4SO3 ?? 155.9881 
170.00 C7H6SO3 ?? 170.0038 
183.01 C8H7SO3 ?? 183.0116 
195.04 C13H7O2 195.0446 
197.02 C9H9SO3 ? 197.0272 
209.02 C9H7NSO3 209.0147 
211.06 C13H9NO2 211.0633 
221.02 unknown  
223.04 unknown  
225.06 unknown  
227.11 unknown  
235.05 unknown  
237.06 unknown  
239.07 unknown  
253.08 unknown  
255.08 unknown  
265.13 unknown  
267.10 unknown  
281.12 unknown  
293.17 unknown  
295.13 unknown  
297.14 unknown  
298.14 unknown  
309.15 unknown  
311.15 unknown  
323.16 unknown  
325.17 unknown  
337.18 unknown  
339.19 unknown  
353.20 unknown  

 

Table 6.2 B Overview of negative mass fragments observed with ToF-SIMS and their tentative assignments. 
Not all peaks related to the organic matter are presented here.  
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6.5.4 Raman Microscopy 

To gain additional and complementary information about the organic molecules, their chemical 

bonding types and distribution within the fracture minerals, Raman microscopy was performed on 

the same drill core section as the ToF-SIMS analyses. Fig. 6.6A shows a combination of the Tof-

SIMS image (Fig. 6.5K) and the Raman image. The Raman spectra obtained from the fracture 

mineral phases and the organic-rich amorphous layer in between are displayed in Fig. 6.6B. The 

spectra show characteristic fundamental vibrations at 1085, 711 and 285 cm-1 for calcite, and at 322 

cm-1 for fluorite. Major Raman bands in the organic-rich amorphous layer range from 3050 to 3083 

cm-1 and from 2850 to 2955 cm-1, and can be attributed to C-H vibrations. Between 645 to 1625 

cm-1, less intense, but numerous bands of diverse vibrational modes of organic compounds were 

observed. The interpretations of these Raman bands are given in table 6.3. A minor part of the area 

analyzed showed a high autofluorescene without any specific peaks (Fig. 6.6B, yellow). The nature 

of this matter could not be further elucidated.  

 

Fig. 6.6 Raman microscopy. (A) Colour-coded Raman image of the phase boundary between fluorite and 

calcite, extending the area mapped by ToF-SIMS (small image on the left, see Fig. 6.5 K). The colours relate 

to the corresponding Raman spectra that are characteristic for each mineral phase, see (B). (B) Raman 

spectra. Green = calcite; blue =  fluorite; red = organic-rich amorphous layer; yellow = unidentified phase 

with high autofluorescence. 
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Peak range  
(Exact peak ) cm-1 

Tentative assignments and references 
 

3050 – 3083 ν(CH) aromtic9,ν(CH) olefinic4, ν(CH), polycyclic aromatic8 

2900-2955 ν(CH2) ν(CH3)
8,ν(CH3) symm4 

2858 – 2970 (2870) ν(CH3) symm.1, 8, 13, ν(CH3) asymm.18, ν(CH2) symm.4 

2846 ν(CH2) symm. 4, 18, ν(CH2) ν(CH3)
8 

1600 – 1625 ν(C=C) arom. ring str.7, ν(C=C)or ν(C=O)4, 6 ν(C=C)3,  ν(CO)8, Tyrosin, Trp7 δ(NH), ν(C-
N), amide II16, 11, 5 

1615 Tyrosine, phenylalainine12 

Tyrosine, tryptophan19, ν(C=C)4,1 8, ν(-C=C-)polycyclic ring system8 

1588 ν(COO-)2 
(1568) (C=C)17, Guanine, Adenine5, 10 

1547  
(1520)  
1481 δ(CH2) δ(CH3)

8 

1445-1465 (CH2) deform. 12, 14, δ(CH2) 
4, 16, 17, 18,  ν(CH2), δ(CH2)

19, ν(CO) or δ(CH2) δ(CH3)
8 

1437 δ(CH2) δ(CH3)
8 

1384-1397 ν(C=C) in plane vibration, polycyclic ring system8 

1358-1370 δ C–H2 

1341 δ(CH2)
4 

1323 δ(OH), δ(CH2)
18, Protein (amide III), δ(CH)16, 17, Guanine, adenine5, 10 

1303 δ(CH2)
4, N-H (pyrole ring8, Adenine12 Amide III 

1295 δ(CH2) (1291, 4, δ(CH2) twisting8, amide III18 

1276 δ(CCH)8 

1262 δ(CCH) δ(CH2), twisting8 

1226-1246 Amide III, N-H, C-N 17, 7 δ(CCH) (12268, ν(C-O)2 Guanine, adenine19, Cytosin, 
thymine12Amide III 

1192 ν(C-C)4 

1156 ν(CC) ring breathing8, ν(CC)13, 14, ν(CC), δ(COH)18 
(1110-1130) 1119  =C-C= unsatur. FA17, ?8 

1094 ν(CC) ring8, DNA 19 

1076 ν(CO)8 

1051 νasym C–O–C glycosidic2 

(1038) ν(CO)8 

(1024) ρ(CH2)
11 

(968) ρ(CH3)
8 

(956) ρ(CH3) terminal18, ν(CO)8 

936-937 ρ(CH3) terminal18, Protein: α-helix12 

922 ρ(CH2)
8 

(908) ρ(CH2)
8 

881 ρ(CH2)
18 

814-845 (840) δ(C-C), δ(C-O), δ(C-CH), δ(C-C-O)15,18, Ring breath Tyr7, δ(C-CH) aromatic4, DNA, 
Tyrosine19 

(827) ν(CS)  substituted thiophene8, δ(CCH)4, Tyrosine17 

761-780 ν(CC) ring or (COO deform)8 δ(C3O2), ρ(CH2)
11, ν(CC)4, Nucleic acids16 

734-747 Ring breathing2 ν(CC)4, 8 

645 Tyrosine12, 19 ν(CC), δ(C3O2)
11, δ(NCO)18, ring deformation2  

Table 6.3 Raman bands observed within the fracture. ν  stretching, δ bending, ρ rocking, π, ω wagging,  
τ twisting. 
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6.5.5 EMP 

Fig. 6.7 shows backscatter electron (CP) and 

cathode luminescence (AX) images and the 

relative intensities of Ca, Mn, Al, Si, and Fe 

within the fracture minerals. Complementary to 

the microscopic and LA-ICP-MS data, the CP 

and the Mn mapping clearly indicate two 

calcite phases, with calcite phase 1 surrounding 

calcite phase 2 and the latter showing a higher 

Mn content along with mineral growth 

zonation. The organic-rich amorphous layer 

exhibits consistently higher Al, Si and Fe 

concentrations than the fluorite and calcite 

phases, which is in good agreement with the 

data obtained by the LA-ICP-MS. 

  

Fig. 6.7 EMP mappings of the fracture minerals. CP 

= back scatter electron image showing the different 

mineral phases; AX = cathode luminescence image 

exhibiting growth zonation within the fluorite. Note 

enrichment and growth zonation of Mn in calcite 

phase 1. Al, Si and Fe are highly enriched in the 

diorite, but is also accumulated along the boundary 

between fluorite and calcite. 
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6.5.6 Isotope Analysis  

∆13C, δ18O and 87Sr/86Sr values are provided in Table 6.4. The isotope data of the individual phases 

are relatively homogenous. The δ13C values of the calcite phases range from -8.6 to  

-5.3 ‰ and the δ18O values from -9.3 to -8.5 ‰ (PDB). The 87Sr/86Sr ratios of the calcite phase 1 

range from 0.7120 to 0.7124, whereas the calcite phase 2 and the organic-rich amorphous layer 

vary from 0.7133 to 0.7137. 87Sr/86Sr values in the fluorite vary significantly, from 0.7125 near 

calcite phase boundary to 0.7096 at the fluorite-diorite boundary. For the diorite host rock, the 
87Sr/86Sr ratios of 0.7063 were obtained at about 1 cm distance from the fracture. 

 87Sr/86Sr 2σ δ13C ST e δ13C δ18O (PDB) ST e δ18O 
Calcite phase 1 0.712023 0.000008 -5.268 0.005 -9.289 0.007 
Calcite phase 2 0.713349 0.000015 -8.641 0.008 -8.519 0.011 
Amorphous phase (P1) 0.713352 0.000029     
Amorphous phase (P1) 0.713654 0.000016     
Fluorite 0.712530 0.000024     
Diorite-fluorite border 0.709621 0.000012     
Diorite 0.706252 0.000015     

Table 6.4 Isotope data observed for the fracture minerals. 

6.6 Discussion 

 
6.6.1 Fracture mineral generations 

According to the mineralogy observed, the host rock of the fracture fillings can be specified as a 

quartz monzodiorite (Wahlgren et al., 2004, 2006).  

The δ18O values and the 87Sr/86Sr ratios (Tab. 4) of the calcite phases enable an assignment of the 

Mn-rich calcite phase 1 to fracture generation 5a (<0.7132) from Paleozoic brines of ca 80°C 

(Wallin et al., 2007; Drake and Tullborg, 2009). The δ18O values are consistent with those of 

previously described Mn-rich fracture calcites from the Äspö area (Tullborg et al., 2008). 

According to Milodowski et al., (2005), the uptake of high amounts of Mn(II) in the calcite lattice 

indicates reducing conditions during crystallization. It has also been suggested that Mn(II) 

incorporation in calcites is enhanced by elevated temperatures during mineral formation 

(Dromgoole and Walter, 1989). Both, reducing conditions and elevated temperatures, are in good 

agreement with a precipitation of calcite phase 1 from Paleozoic brines.  

A clear assignment of calcite phase 2 and the organic-rich amorphous layer to a discrete fracture 

mineral generation was more difficult, as their isotopic signatures do not fit exactly into the values 

previously reported for different calcite generations (Drake and Tullborg, 2009). These phases 

exhibit slightly higher 87Sr/86Sr ratios than those reported for generation 5a, but are significantly 

lower than those reported for generation 5b and 6 (Drake and Tullborg, 2009). A possible 

explanation relates to glacially induced faulting during the Quaternary (Lund, 2006). Such 
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reactivation of the old fracture systems would have allowed glacial, meteoric and marine waters to 

deeply penetrate into the host rock. Indeed, in the Äspö Hard Rock Laboratory, traces of glacial 

and Littorina Sea water have been found down to depths of 840 m and 500 m, respectively (Wallin 

et al., 2007). Partial dissolution of the pre-existing calcites (calcite phase 1) and mixing with new 

fluids may have caused local “blurring” of the original 87Sr/86Sr ratio during the precipitation of 

calcite phase 2.  

Considering the sequence of the fracture minerals and the assignments of the calcite phases to the 

generations 5 and 6, the fluorite is most likely related to an older, Precambrian, fracture generation 

(1 to 4). Indeed, 87Sr/86Sr ratios at the fluorite-diorite contact zone are consistent with fracture 

generation 3, thereby corroborating the hypothesis that the fluorite was precipitated from 

Precambrian hydrothermal fluids. A somewhat higher 87Sr/86Sr ratio observed immediately at the 

phase boundary towards the calcite may be due to alteration of the fluorite during fracture 

reactivation. 

 

6.6.2 REE and trace elements 

 LREE depletions and HREE enrichments, as observed in the fracture fluorite (Fig. 6.3 C), are 

frequent features in hydrothermal fluorite, due to different sorption and complexation properties 

among the REE during mineral formation (e.g. Sallet et al., 2005; Schwinn and Markl, 2005). 

Differences between the REE patterns of the fracture fluorite and the Äspö Diorite indicate a 

different source rock chemistry of the hydrothermal fluid and insignificant host rock leaching 

(Schwinn and Markl, 2005). 

The REE pattern of the calcite phases, with an enrichment of HREE over LREE  

(Fig. 6.3 B), is similar to that of Baltic Sea water near the Äspö area (Rönnback et al., 2008). It 

reflects REE transport (and precipitation) mainly as carbonate complexes, which, in turn, indicates 

source fluids with low organic content (Tullborg et al., 1999).  

An enrichment of LREE over HREE, as observed in the organic-rich amorphous layer, may result 

from REE complexation with organic matter rather than HCO3 (Tullborg et al., 2008, and 

references therein; Ingri et al., 2000). Increased abundances of LREE have also been described for 

overburden groundwaters from the Simpevarp/Äspö area, which show higher contents of Fe-rich 

colloids and dissolved organic matter (DOM, Rönnback et al., 2008).  

REE, like metal cations in general, are easily adsorbed by or form complexes with exposed 

negatively charged organic surfaces. Especially extracellular polymeric substances (EPS) in 

biofilms offer such surfaces and thus often show strong enrichments of trace elements and REE 

(Urrutia and Beveridge, 1993; Ngwenya et al., 2009). In conclusion, the observed distinct 

enrichments of LREE, Mg, Al, Si, and Fe may plausibly be considered as a signature for a biofilm-

derived origin of the organic-rich amorphous layer.  
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6.6.3 Organic matter composition 

ToF-SIMS − Most of the hydrocarbon fragments observed in the organic-rich amorphous layer 

(Tab. 6.2a) show a relative C/H ratio between 0.4 and 0.8 which can be attributed to aliphatic 

hydrocarbons. Likewise C2H5
+, C3H7

+, C4H9
+ indicate saturated hydrocarbons fragments, whereas 

C3H5
+, C4H7

+, C5H9
+ may derive from unsaturated hydrocarbon moieties. Only few fragments, e.g. 

C9H7
+, have a high C/H ratio between 1 and 2, indicative for aromatic hydrocarbons (NIST 

database, Toporski and Steele, 2004, and references therein). C8H11
+, C8H13

+, C9H15
+, on the other 

hand, likely derive from longer saturated hydrocarbon chains, and have been reported as prominent 

fragments in the spectra of acyclic isoprenoids (Toporski et al., 2002). Major oxygen-

functionalized ions found in the organic-rich amorphous layer, namely CH3O
+, C2H5O

+, C3H5O
+

, 

and C4H5O
+, are very abundant in the spectra of carbohydrates (Sjövall et al., 2004). Nitrogen-

containing ions such as CH4N
+, C2H6N

+, C3H6N
+, and C3H2NO- are major products of nitrogen-

containing biogenic compounds such as amino acids and purines (Lu et al., 2004; Spool, 2004; Lee 

et al., 2006).  

In the negative spectrum, an alkylation series ranging from m/z 255.08 to 353.20 was observed, 

maximizing at m/z 311.15, 325.17 and 339.19. A further parallel alkylation series ranges from m/z 

239.07 to 337.18. These unidentified negative ions can tentatively be attributed to [M-H]- or [M-

OH]- ions containing a major saturated hydrocarbon moiety together with (a) carboxyl or hydroxyl 

functional group(s). Particularly carboxylic acids produce strong [M-H]- ions rather than [M]+, 

[M+H]+
 and [M+Na]+ (Vickerman and Briggs, 2001). This interpretation is supported by fragments 

characteristic for carboxyl-bearing molecules (C2H3O
-, C2H2O2

-; Dubey et al., 2009) in the negative 

ToF-SIMS spectrum of the organic-rich amorphous layer.  

In ToF-SIMS, it is possible to robustly assign an individual mass peak to a chemical structure only 

for low-mass fragments, or known analytes in pre-characterized samples (Vickerman and Briggs, 

2001). The identification of unknown organic compounds, however, should ideally rely on the 

presence of several characteristic fragments in the spectrum, and comparison with standard data 

(Heim et al., 2009). For negative ToF-SIMS spectral data, this is hampered by the still limited 

number of published reference spectra (see also Spool, 2004). Whereas no intact lipid biomarkers 

were identified in the organic-rich amorphous layer, the small and partly functionalized organic 

molecules observed may be plausibly related to EPS. EPS in biofilms are composed of 

polysaccharides, proteins, nucleic acids, lipids and humic substances (Nielsen et al., 1997) and may 

constitute between 50 and 90 % of the total organic matter (Wingender et al., 1999). 

 

Raman microscopy − In the 1625 - 1568 cm-1 range, C=C stretching in the Raman spectra of the 

organic-rich amorphous layer indicate unsaturation (van de Voort et al., 2001), including 

aromatisation (Jehlička and Edwards, 2008). Characteristic bands for amino acids (amide II), 
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however, are also observed in this range (Schuster et al., 2000a; Ivleva et al., 2009; Zinin et al., 

2010). Bendings of CH2 and CH3 groups are predominantly observed at 1481-1437 cm-1 and band 

complexes between 1323 and 1226 cm-1 further suggest the presence of amino and nucleic acids, 

respectively (Puppels et al., 1991; Schuster et al., 2000b; Zinin et al., 2010). The complex band 

pattern between 1200 and 1000 cm-1 is mainly assigned to C-O and C-C stretching. Further small 

bands between 968 and 881 cm-1 are related to CH2 and CH3 rocking vibrations (Williams and 

Edwards, 1994; Jehlička and Edwards, 2008), whereas bands between 845-815 cm-1 are related to 

C-C, C-O bending modes (Williams and Edwards 1994; Edwards et al., 1997; Schmid et al., 2008) 

or ring breathing modes of tyrosine (Ivleva et al., 2009; Zinin et al., 2010).  Raman bands related to 

bending of NCO or tyrosine are observed at 645 cm-1 (Puppels et al., 1994; Williams and Edwards, 

1994; Zinin et al., 2010). 

Considering that Raman vibrations, their variation and intensity strongly depend on the orientation 

and the physical conditions of the material investigated (Nasdala et al., 2004), the Raman data of 

the organic-rich amorphous layer indicated diverse, functionalized organic molecules comprising 

amino acids, nucleic acids, carbohydrates, aromatic and unsaturated hydrocarbons. These results 

strongly support the interpretations drawn from the ToF-SIMS data, i.e., that the organic-rich 

amorphous layer constitutes remains of a (relatively recent) fossil biofilm.  

 
 
6.7 Conclusion and potential fracture reactivation scenario 
 

A comprehensive analytical approach enabled a reconstruction and integrated understanding of 

ancient environmental processes that occurred within the continental deep biosphere. The analyses 

were performed on minute amounts of fracture minerals, i.e. at the microscopic range (µm-scale), 

while leaving the integrity of the studied structures virtually intact. The Äspö Diorite contains four 

generations of fracture fillings. The first generation is a fluorite phase, derived from Precambrian 

hydrothermal fluids. The second mineral phase consists of Mn-rich calcites (calcite phase 1), 

precipitated from Palaeozoic brine fluids. The third mineral phase is a 20-100 µm thick, organic-

rich amorphous layer that is interpreted to represent a fossilized biofilm whose formation was 

induced by glacial reactivation of the fracture system and subsequent water injections during the 

Late Pleistocene. ToF-SIMS and Raman imaging revealed fragments and bond types clearly 

indicative of hydrocarbon moieties as well as N- and O-containing organic heterocompounds. 

These organic compounds are exactly co-localized with the dark amorphous layer and may largely 

derive from biofilm- associated EPS. The formation and growth of a biofilm in the fracture 

reasonably explains the observed fractionations and accumulations of LREE, Mg, Al, Si, and Fe. 

The breakdown of functionalized molecules occurs rapidly when considering geological time 

scales, however this biofilm still shows a good preservation indicating a relatively recent formation 
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rather than a Palaeozoic or even Precambrian age. A change in the chemical composition (salinity 

and alkalinity) of the supplying water presumably lead to crystallization of the fourth fracture 

mineral phase (calcite mineral phase 2), thereby terminating the growth and existence of the 

subsurface biofilm.  
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7  

Summary and Conclusions  

 

In this thesis project, biomarkers, biomineralization processes and TREE (trace and rare earth 

elements) patterns in mineralizing microbial mats were established and tested as biosignatures in 

recent and fossil environments. To overcome limitations of conventional biomarker analysis, a 

comprehensive analytical approach was developed that accomplished the detection and the laterally 

resolved visualization of biomarkers on the same sample, and with minimal sample disruption.  

In a pilot experiment, the application of ToF-SIMS (time-of-flight secondary ion mass 

spectrometry) enabled the simultaneous analysis of major archaeal biomarker classes in calcifying 

microbial mats from the Black Sea. Individual biomarker provenances on a µm-scale were 

identified and assigned to colonies of methanotrophic archaeal communities, namely ANME-1 vs. 

ANME-2 (anaerobic methane oxidizers). Previously equivocal lipid biomarkers could thus be 

linked to distinctive source biota without the need to isolate and culture these microbes in the 

laboratory. Subsequent microscopic investigations on the same sample provided further 

morphological and mineralogical evidence that corroborated the assignments made.  

ToF-SIMS has a strong potential for molecule detection, identification and visualization at the 

microscopic range. However, because the method is still in its infancy with respect to the analysis 

of organic biomarkers, further evaluations of capabilities and limitations are required. In that 

respect, preparation protocols for geobiological samples have to be improved, and compound 

specific matrix effects have to be examined. Even more important, more biomarker reference 

standards have to be characterized and their fragmentation patterns determined to enhance the 

understanding and interpretation of ToF-SIMS data. To further expand the range of biomarker 

reference standards, ToF-SIMS spectra of selected glycerolipids were obtained, and the formation 

of molecular ions and specific fragments was studied in detail. These data are most useful as a basis 

for the identification of these and related biomarkers in environmental samples. Based on the 

reference data, it was possible to identify lipids (diglycerides and phosphatidylglycerol) in 

microscopic sections of mineralizing microbial mats from Black Sea methane seeps, and from 

Gallionella ferruginea-dominated iron-oxidizing microbial mats from the Äspö Hard Rock 

Laboratory (HRL). 

G. ferruginea mats were also investigated to study biomineralization processes and corresponding 

TREE fractionations as potential biosignatures for microbially induced formation of iron 

oxyhydroxides. For that purpose, a long-term flow reactor experiment was established in the Äspö 

HRL. Biomineralization processes and concomitant TREE accumulation within theses microbial 

mats revealed different forms of biomineral formation during growth and aging of G. ferruginea 
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and massive, up to 106 fold accumulations of individual metals. Further, the REE+Y fractionation 

patterns within the microbial iron oxyhydroxides differ significantly from chemically precipitated 

iron oxyhydroxides, but show a strong similarity to REE+Y patterns reported for Precambrian BIF. 

The findings support the idea that iron oxidizing microorganisms such as G. ferruginea may have 

significantly contributed to the formation of BIF. 

In a third experiment, a comprehensive analytical approach to biosignatures within fracture 

minerals in the ~1.8 Ga old Äspö Diorite enabled the reconstruction and integrated understanding 

of ancient environmental processes that occurred within the deep continental biosphere. ToF-SIMS, 

CRM (Confocal Raman Microscopy) and LA-ICP-MS (laser ablation-inductively coupled mass 

spectrometry) and respectively electron microprobe and isotope sampling analyses were performed 

on two, 5 mm thick opposing rock sections, i.e. on a minute amount of fracture minerals, which 

enabled to retrace four different fracture mineral generations. One of them, an organic-rich 

amorphous layer, exhibited numerous functionalized organic molecules and accumulations and 

fractionations of distinct TREE and was interpreted as a fossilized biofilm. Biofilm formation was 

most probably induced by glacially induced fracture reactivation and water injections down to  

450 m depth. Further fracture mineral formation terminated and entrapped the microbial activity 

that once occurred at depth.  

The integrated approach used in this study led to the successful establishment of source specific 

biosignatures, and offers a strong tool kit for the study of mineralizing microbial mats and their 

interaction with the environment. The techniques employed in this study may further help to link 

biosignatures in recent systems to their fossil analogues and ultimately, to early complex forms of 

life. It can be foreseen that high resolution techniques such as ToF-SIMS and CRM will grow in 

importance not only in geobiology, but in all fields of natural sciences, wherever the detection and 

precise localization of organic compounds in environmental materials is required. 
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A 

TERRESTRIAL DEEP BIOSPHERE  

Christine Heim 

Encyclopedia of Geobiology, Springer, 2011, in press 

Synonyms 

Continental deep biosphere, subterranean biosphere  

Definition 

The terrestrial deep biosphere comprises ecosystems in the marine (e.g. shelf-sediments) and 

continental subsurface, beneath the rhizosphere or bioturbated zone. The habitable depth is limited 

by space (rock porosity), the availability of water and in particular the maximum viable 

temperature depending on the local geothermal gradient (Gold, 1992; Pedersen, 1993, 2000, 2001, 

2002; Stevens, 2002). 

Introduction 

Microbial life exists in, and seems to be adapted to all kinds of ecological niches on earth. From the 

early 30ies, increasing numbers of publications report on the occurrence of microorganisms in deep 

terrestrial settings, such coal mines (Lipman, 1931, 1937; Liske, 1932) and deep formation waters 

from oil drilling, as deep as 2000m (Ginsburg-Karagitscheva, 1933; Issatchenko, 1940). During the 

following decades the scientific interest in subsurface microbiology focussed on the effects of 

microorganisms on oil and gas exploration, such as corrosion of drilling devices, oil 

transformation, but also the role of microorganisms in the biological origin of natural gas resources 

(Zobell, 1945; Bailey et al.,1973; Belyaev et al.,1983; Colwell et al.,2004; Lollar et al.,2006). 

Deep subsurface microorganisms have a potential impact not only on oil and gas exploration, but 

also on groundwater (Chapelle, 2000), long-term storage of nuclear waste (Pedersen, 1993, 1997; 

Boivin-Jahns et al.,1996; Christofi and Philip, 1997; Hersman, 1997; Pedersen et al.,2008), and 

finally, implications for the origin of life and the search for extraterrestrial life (Stevens, 1997a; 

Faison, 2003; Cockell, 2004).  

Scientific continental drilling (ICDP), and also site investigations for the storage of nuclear waste 

for a better understanding of geological, hydrological and biogeochemical processes in the deep 

continental crust, supported the development of contamination minimizing, drilling, sampling and 
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analytical techniques (Pedersen, 1993 (and references therein); Griffin et al.,1997; Russel, 1997; 

Abyzov et al., 2001;Pedersen et al., 2008). Using enhanced drilling and sampling techniques, a 

broad diversity of microorganisms living under extreme conditions (extremophiles), i.e. under 

elevated temperatures and high pressure conditions, was observed (Gold, 1992; Szewzyk et al., 

1994; Boone et al., 1995; Kotelnikova et al.,1998; Bonch-Osmolovskaya et al., 2003; Lin et al., 

2006;  Sahl et al.,2008). Whether the organisms observed in the deep terrestrial subsurface are 

indigenous or derive from surface contamination has been a major issue since the first decades of 

exploration and is still (even though more advanced sampling techniques are now available), an 

important question to be considered (Farrell and Turner, 1932; Lieske, 1932; Lipman, 1937; Phelps 

et al., 1989; Pedersen, 1993; Griffin et al., 1997; Haldemann, 1997; Russel, 1997; Stevens, 2002). 

Furthermore comprehensive sampling (contamination controlled sampling) and careful data 

interpretation is matter of major importance (Lehman et al.,1995; Zhang et al.,2006; Hallbeck and 

Pedersen 2008). 

 

Terrestrial deep biosphere 

Numerous reports about diverse, well adapted, active microorganisms, being most likely 

indigenous and occurring down to a depth of several km, rise the questions of (i) how the 

organisms got down there, (ii) how are they able to maintain, i.e. life and growth, (iii) what are the 

limiting factors for life in the deep biosphere. 

There are different theories about microbial migration or transport into the deep subsurface can 

happen. One possibility is the transport of microorganism within groundwater aquifers as 

underground rivers (Karst systems) or percolating through the sediment or fracture systems. 

Groundwater may reach depths of several hundreds of meters and may have intervals from 

hundreds to thousands of years (Moser et al., 1988; Simpkins and Bradbury, 1992; Seiler and 

Lindner, 1995). Further, it is assumed that living microbial matter is buried with the sediments, 

thus migrating vertically as a part of the rock cycle. As a consequence, some microorganisms must 

be capable to survive for millions of years. Reports on the detection and isolation of bacteria from 

the Taylorsville Triassic Basin from 2.7 km depth (Boone et al.,1995), and from the Piceance Basin 

of western Colorado from 858 m depth (Colwell et al.,1997) support this scenario.  

General requirements for life are the availability of water, space, nutrients (O, C, H, N, Ca, P, S) 

and trace elements (Fe, Ni, Mn, W, Mo, V, Zn, Cu, Co, Se, Cr). Being independent from 

photosynthesis, subterranean organisms have to adapt their metabolism to local resources or form 

dormant stages, in order to survive at great depth (Pedersen, 1993; Amy, 1997; Kieft and Phelps, 

1997; Stevens, 2002; Dobretsov et al., 2006). Since the discovery of the first subsurface 

microorganisms, and the subsequent identification of a broad variety of aerobic, anaerobic, 

autotrophic and heterotrophic microbes, the potential carbon and energy sources available ad depth, 
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were intensively debated and approved. One major theory is the deep hydrogen-driven biosphere 

hypothesis (Pederesen, 1997), where acetogenic bacteria, acetoclastic methanogens and autotrophic 

methanogens consume abiotic, deep crustal H2 as an energy source and CO2 as carbon source. 

These organisms could be considered as the primary producers in the deep terrestrial biosphere. 

Experimental studies, calculating the production rates of radiolytic H2, support the potential 

microbial consumption of H2 (Lin et al., 2005).  Beside H2  as electron donor, chemotrophic 

organisms can us for example, methane (CH4), elemental sulfur (S0), sulfite (SO3
2-), thiosulfate 

(S2O3
2-) with water H2O, nitrate (NO3

-), sulfate (SO4
2-) or iron (Fe (III)), thereby forming nitrogen 

gas, hydrogen sulphide (H2S) and ferrous iron, respectively (Kieft & Phelps, 1997; Stevens, 2002; 

Amend and Teske, 2005 and references therein).  

Numerous of the microorganisms observed in the deep subsurface are not only metabolically well 

adapted, they also manage to survive and reproduce under extreme conditions, such as hot or 

freezing temperatures, high pressure, alkaline or acidic conditions and high salinity. Examples of 

these extremophiles and references are listed below in the section of the respective deep terrestrial 

environment. Moreover, some microorganisms are able to get into a dormancy stage by forming 

spores, cysts or other types of resting cells and survive starvation, desiccation periods, exposure to 

extreme temperatures, and elevated background radiation (Burke and Wiley, 1937; Amy, 1997;  

Suzina et al.,2004; Ponder et al.,2005; Johnson et al.,2007). 

Regarding these adaptation mechanisms and considering the ongoing discovery of unknown 

microorganisms, new metabolic pathways and adaptation mechanisms, it is difficult to define the 

limits of life in the terrestrial deep biosphere. These actual limits may be due to a combination of 

several factors: with increasing depth, the growing load of the overlying rocks or ice masses 

progressively decreases the pore space available, temperature rises due to the geothermal gradients 

and the water activity changes with increasing temperatures and pressures (Gold, 1992; Pedersen, 

1993, 2000; Stevens, 2002). 

 

Terrestrial deep biosphere environments 

Pedersen (2000) divided the terrestrial deep biosphere into continental sedimentary rocks, ancient 

salt deposits, aquifers in igneous rocks and caves, whereas Stevens (2002) subdivided the deep 

biosphere of the continental crust into sedimentary environments, permafrost, ice sheets and 

glaciers, and bedrock environments. Salt deposits and permafrost soils are sediments by definition, 

and therefore, in this entry, they are discussed in the section of sedimentary environments. Caves 

exhibit a great variety of different ecosystems that might serve as models for the formation of 

special adaptations or symbioses and may therefore represent a link between surface and 

subsurface environments (Pedersen, 2000; Dattagupta et al.,2009). 
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Sedimentary environments 

Since the beginning of the last century, microorganisms in deep sedimentary environments have 

been frequently found and described from exploration sites, for example in coal (Liske, 1932; 

Lipman, 1931, 1937; Burke and Wiley, 1937). Later when advanced drilling techniques and 

modern sequencing methods became available, a more precise characterization of these 

microorganisms is possible. A strict anaerobe, Bacillus species (Bacillus infernus) was isolated 

from drill core samples obtained from 2700 m depth, from the Triassic Taylorsville basin (Boone et 

al., 1995). Several sediment core samples from 856 to 2096m from the Piaceance Basin of 

Colorado contained Fe(III)- reducing and fermenting bacteria (Colwell et al.,1997). Krumholz 

(2000) reported microbial communities within cretaceous rocks in New Mexico, where living 

sulphate reducing bacteria (SRB) and acetogens were found at the interface of porous sandstone 

and dense organic-rich shale. Later studies of the same site revealed high numbers of Fe(III) and 

S°-reducing bacteria (Kovacik Jr. et al., 2006). Sass and Cypionka (2004) isolated moderately 

thermophilic SRB in porous sandstones from 600 to 1060m depth. In coal seem groundwater 

within 843 to 907m depth microbial communities of methanogenic archaea, denitrifying, 

acetogenic, and SRB where detected (Shimizu et al., 2007). Thermophilic archaea and bacteria, 

including SRB, are common in oil reservoirs and geothermal fluids (Zobell, 1945; Bonch-

Osmolovskaya et al.,2003; Kimura et al.,2007; Zavarzina et al.,2007). Culturing experiments and 

biomarker studies of 170 million years old claystone indicate the presence of active SRB within the 

rock (Mauclaire et al.,2007). 

A special form of sedimentary environments are salt deposits: massive salt deposits have formed 

mainly due to marine transgression and regression cycles within epicontinental seas. Halophilic 

bacteria were described by Vreeland et al. (1998) from salt deposits in New Mexico and Gruber  

et al. (2004) isolated halophilic archaea in alpine salt deposits. Whether the halophilic 

microorganisms are indigenous and survived for millions of years in the salt, is still unclear 

(McGenity et al., 2000). However, the isolation of viable Halobacterium salinarium from brine 

inclusion within 9600 years old halite crystals (Mormile et al., 2003) indicates long term survival 

of the microorganisms enclosed in salt deposits. 

Permafrost soils are composed of silt, loam, peat, organic material from plants, top soil and ice. 

Although temperatures in permafrost regions range between -10 to -30°C viable microorganisms 

have been detected in frozen sediment samples from Siberia, Alaska, Canada and Antarctica 

(Vorobyova et al., 1997). Methanogenic archaea are presumably responsible for the production of 

high amounts of methane in permafrost soils (Rivkina et al., 2000 and 2004). Gilichinsky et al. 

(1992) observed not only prokaryotes in Pliocene and Pleistocene sediments, even eukaryotic 

organisms were found in Holocene sediments. 
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Bedrock environments 

Igneous and metamorphic rocks contain considerably less organic matter and pore space compared 

to sediments. Sampling of microorganisms is a problematic issue, as drilled rock material is often 

contaminated by drilling fluids (Pedersen 2000; Hallbeck and Pedersen 2008). However, 

investigations of a deep biosphere in igneous rocks were performed using the fracture and well 

water, drilling fluids and groundwater aquifers. In deep granitic aquifers of the Fennoscandian 

shield, anaerobic thermophilic fermenting bacteria and SRB (Szewzyk et al.,1994), methanogens, 

homoacetogens (Kotelnikova & Pedersen, 1998; Pedersen, 2000; Kotelnikova, 2002), yeasts 

(Ekendahl et al.,2003), viruses (Kyle et al.,2008) and bacteriophages (Eydahl et al.,2009) were 

observed.  The detection of fungi in deep biosphere environments was also reported by Reitner et 

al. (2005), describing hyphae from unknown fungal mycelia in the Triberg Granite (Germany). In 

deep granitic fracture water and rock cores from the Henderson mine (Colorado), iron oxidizing 

bacteria and the “Henderson candidate division” were detected (Sahl et al., 2008)  In deep 

anaerobic and alkaline aquifers within the Columbia River Basalt Group, SRB and metal reducing 

bacteria were described by Fry et al. (1997). Drilling fluids from boreholes at 2290 to 3350m 

depth, from the Chinese Continental Drilling Program, exhibited a huge diversity of extreme 

thermophilic, anaerobic chemoorganotrophs, anaerobic Fe (III) reducers, halotolerant, alkaliphilic 

microorganisms (Zhang et al., 2006). Lin et al., (2006) report about thermophilic SRB in deep 

alkaline saline groundwaters in Archaean metabasalt. A remarkable finding was a star shaped 

bacterial morphotype at 1700m depth in aSouth African platinum mine, observed by Wanger et al. 

(2008). 

Ice sheets & glaciers 

Microbiological investigations of ice cores obtained above the subglacial lake Vostok, Antarctica, 

exhibited various microorganisms from moraine material, from shallow regions of the glacier, but 

also presumably from the lake water (Abyzov et al., 2001).  Poglazova et al. (2001) described 

Cyanobacteria and microalgae occurring in accreted ice of the subglacial lake Vostok. Highly 

diverse microbial communities in 120,000 years old deep glacier ice cores from Greenland were 

described and isolated by Miteva et al. (2004 and 2005). 

General remarks 

Fossil deep biosphere, evolutionary aspects and implications for extraterrestrial life.  

As research on the deep biosphere continues, novel organisms, metabolic pathways and adaption 

mechanisms will certainly be discovered. A look at the different subsurface environments shows, 
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that a generalisation of the microbial diversity and adaption mechanisms is rather impossible, as 

they all host their own specialized ecosystems. 

Learning more about life in deep subterranean environments, may help to understand how life 

might have evolved and survived during meteoric impacts, increased rates of volcanic activity or a 

potential global glaciation (Snowball earth). In fact, geothermal waters, H2 and CH4 degassing 

volcanic or plutonic rocks may have served as local nutrient and energy sources for chemotrophic 

ecosystems (Dobretsov et al., 2006). Models about the habitability of the Hadean earth indicate, 

that even the late heavy meteoric bombardment, around 3.9 Ga would not have been able to 

sterilize the primeval biosphere of the earth crust, considering the existence of a near and 

subsurface biosphere (Abramov and Mojzis, 2009). 

Traces of a fossil subterraneous biosphere were observed in metasedimentary rocks from Timmins 

(Canada) from the late Archaean (Ventura et al., 2007) and Bons et al.,(2009) report about 

fossilized microbes within 585 Ma old calcite veins from Oppaminda Creek (Australia).   

Increased interest for research in deep terrestrial, means also extreme environments, is its 

implication for extraterrestrial life. A better understanding of the earth’s deep biosphere allows the 

development of models to understand general biogeochemical processes not only for our earth but 

maybe for biogeochemical processes on other planets. For example, permafrost soils on Mars may 

comprise recent or ancient life (Gilichinsky et al.,1992; Rivkina et al., 2000 and 2004) or Jupiter’s 

satellites may have ice-covered lakes similar to lake Vostok (Abyzov et al.,2001) serving as a 

potential deep biosphere environments. 
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B 

MICROBIAL BIOMINERALIZATION 

Christine Heim 

Encyclopedia of Geobiology, Springer, 2011, in press 

Synonyms 

Microbial biomineral formation 

Definition 

Microbial biomineralization describes the formation and deposition of minerals directly mediated 

or indirectly influenced by microorganisms (Mann, 2001; Weiner and Dove, 2003, Ehrlich, 1999). 

A huge variety of minerals result from individual biomineralization pathways linked to the genetic 

and metabolic activity of the microorganisms involved (Minsky, et al.,2002; Weiner and Dove 

2003). Moreover, microbial biominerals may differ distinctly from their inorganically formed 

equivalents in shape, size, crystallinity, isotopic and trace element composition (Weiner and Dove, 

2003; Bazylinski et al.,2007; Haferburg and Kothe, 2007; Takahashi et al.,2007). A compilation of 

microbial biominerals and their source organisms is given in Table 1.  

Two principal modes of microbial biomineralization processes occur, namely biologically induced 

mineralization (BIM) and biologically controlled mineralization (BCM, Lowenstam, 1981; 

Lowenstam and Weiner, 1989). These modes are introduced in the following. 

Biologically induced mineralization (BIM): 

In BIM, the nucleation and growth of biominerals are extracellular processes triggered by the 

metabolic activity of the microorganism. Biomineralization takes place due to changes in the 

chemical equilibrium of the surrounding environment and may also be linked to particular 

metabolic products. The resulting biominerals typically show a poor crystallinity, are chemically 

heterogeneous, and often closely associated with the cell wall (Frankel and Bazylinsky, 2003). An 

active and a passive mineralization process can be distinguished (Fortin and Beveridge, 2000; 

Southam, 2000). Active mineralization refers to mineralization by (i) direct redox conversion of 

specific metal ions bound to the bacterial surface, or (ii) by the excretion of metabolically produced 

ions and thereby forming minerals. The term passive mineralization is used, when nonspecific 
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binding of cations and the involvement of surrounding anions causes nucleation and growth of 

minerals. Passive mineralization can even be mediated by dead cells, due to the exposure of 

negatively charged surfaces acting as nucleation sites for metal cations (Urrutia and Beveridge, 

1993). Especially in BIM, extracellular polymeric substances (EPS, see entry) are involved in the 

mineralization process (Ercole et al., 2007; Chan et al., 2009). As an example of BIM, the 

precipitation of iron oxyhydroxides by the iron oxidizing bacterium Gallionella ferruginea is 

displayed in figure B.1.  

 

Fig. B.1 Stalk-shaped extracellular polymeric substances (EPS) produced by the iron oxidizing bacterium 

Gallionella ferruginea are heavily encrusted with iron oxihydroxide minerals formed by BIM. 

Biologically controlled mineralization (BCM): 

BCM implies that the organism actively controls the nucleation site, growth, morphology and final 

location of the mineral (Banfield and Nealson 1997, Bazylinski and Frankel, 2003). Although the 

modes of exerting crystallochemical control over the mineralization process may greatly vary 

across species, the common characteristic of BCM is that mineral formation takes place in a closed, 

isolated environment. Whereas Weiner and Dove (2003) categorized BCM in extra-, inter- or 

intracellular mineralization, Mann (2001) differentiated between two key modes of BCM, namely 

matrix-mediated mineralization and boundary-organized mineralization. Generally speaking, 
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extracellular mineralization corresponds to matrix-mediated mineralization, whereas inter- and 

intracellular mineral formation are equivalent to boundary-organized mineralization. 

Extracellular BCM implies the production of a macromolecular matrix outside the cell. This matrix 

is typically composed of proteins, polysaccharides or glycoproteins forming a three dimensional 

framework, and the cell actively supplies cations to the matrix for an ‘on-site’ nucleation and 

growth of the biomineral (Weiner and Dove, 2003). 

Intercellular BCM occurs mostly in single-celled organisms, existing in a community. This type of 

mineral formation is not common in bacteria, but is commonly found in calcareous algae,  

e.g. Halimeda (Borowitzka et al.,1982; de Vrind-de Jong and de Vrind, 1997).  

Intracellular BCM takes place inside specific compartments within the cell, for instance vesicles or 

vacuoles. Thus the organism is able to exactly regulate the chemical composition, morphological 

structure and particle size of the mineral. The only bacteria known to perform intracellular BCM 

are magnetotactic bacteria, which use a vacuole based system for the crystallization of magnetic 

biominerals (Table B.1). Similar systems of intracellular BCM are only known from higher 

eukaryotic organisms, controlling e.g. the bone and teeth formation in mammals (Kirschvink and 

Hagadorn, 2000). An example of microbial biominerals formed by intracellular BCM, is shown in 

figure B.2. 

 

Fig. B.2 Intracellular iron sulfide (greigite, Fe3S4) crystals formed by BCM within a magnetotactic bacterium. 

Image courtesy of Joachim Reitner. 
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Table B.1. Overview of minerals formed by microbial biomineralization and the organism(s) involved. For 

comprehensive reading, the following books are recommended: Sigel et al. (2008), Baeuerlein (2000); 

Banfield and Nealson (1997); Dove et al. (2003); Driessens and Verbeeck (1990); Lovely (2000); 

Lowenstam and Weiner (1989). 

Chemical Formula Mineral Name Involved microorganism References 

Fe(OH)3 (approx) Ferric / Iron 
oxyhydroxide 

Fe-oxidizing bacteria Chan et al.,2009; Yoshida et al.,2008  

2Fe(OH)3 • Fe(OH)2 
(approx) 

Green rust Shewanella putrefaciens Kukkadapu et al.,2004; O’Loughlin, 
2008 

α- FeO(OH) Goethite Gallionella ferruginea Hallberg and Ferris, 2004 
γ- FeO(OH) Lepidocrocite marine bacteriophage, Bacillus 

subtilis 
Daughney et al.,2004 ; Châtellier et 
al.,2001 

5Fe2O3 • 9 H2O Ferrihydrite Gallionella ferruginea, Leptothrix 
ochracea, Bacillus subtilis 

Hallberg and Ferris, 2004; Kennedy et 
al.,2004 

Fe2O3 Hematite Gallionella ferruginea Hallberg and Ferris 2004 
Fe3O4 Magnetite Shewanella putrefaciens, (Fe(III)-

reducing bacteria),  Magnetotactic 
bacteria (e.g. Magnetospirillum 
magnetotacticum), SRB (e.g. 
Desulfovibrio magneticus), 
thermophilic iron-reducing bacteria 

Frankel et al.,1983; Lovley et al.,1987; 
Lovley, 1991; Bazylinski et al.,1993; 
Zhang et al.,1997; Zhang et al.,1998; 
Kukkadapu et al.,2004; Bazylinski et 
al.,2007; Faivre and Schüler, 2008 

γ-Fe2O3 Maghemite Actinobacter sp., thermophilic iron-
reducing bacteria 

Zhang et al.,1997; Bharde et al.,2008 

FeCO3 Siderite Shewanella alga, thermophilic iron-
reducing bacteria 

Zhang et al.,1997; Parmer et al.,2000 

FePO4 • nH2O Hydrous ferric 
Phosphate 

Acidovorax sp Miot et al.,2009 

Fe3(PO4)2 • 2H2O Vivianite Shewanella putrefaciens, 
Desulfovibrio alaskensis (SRB), 
Alkaliphilus metalliredigens 

Kukkadapu et al.,2004; Zegeye et 
al.,2007; Roh et al.,2007 

FeS Cubic FeS 
(Sphalerite-type) 

Magnetotactic bacteria Pósfai et al.,1998a; Pósfai et al.,1998b, 

FeS Mackinawite 
(tetragonal FeS) 

Magnetotactic bacteria, 
Desulfovibrio desulfuricans 

Pósfai et al.,1998a; Pósfai et al.,1998b; 
Ivarson and Hallberg, 1976 

Fe3S4 Greigite Magnetotactic bacteria,  
Actinobacter sp., SRB 

Bharde et al.,2008; Farina et al.,1990; 
Mann et al.,1990; Heywood et 
al.,1990; Reitner et al.,2005; Faivre 
and Schüler , 2008 

Fe1-xS Pyrrhotite Magnetotactic bacteria Farina et al.,1990 
FeS2 Pyrite Magnetotactic bacteria, SRB Mann et al.,1990; Bazylinski, 1996; 

Folk, 2005; Wilkin and Barnes, 1997; 
Donald and Southam, 1999 

KFe3(SO4)2(OH)6 Jarosite Sulfobacillus thermosulfidooxidans, 
Acidithiobacillus ferrooxidans, 
Thiobacillus ferrooxidans 

Ding et al.,2007; Daoud and 
Karamanev, 2006; Ivarson and 
Hallberg, 1976 

Fe8O8SO4(OH)6 Schwertmanite Acidithiobacillus ferrooxidans Egal et al.,2009 
MnCO3 Rhodochrosite Leptothrix discophora  Zhang et al.,2002 
MnO2 Maganese Oxides Pseudomonas putida, Leptothrix 

discophora, Bacillus sp. 
Tebo et al.,2004; Villalobos et 
al.,2003; Brouwers et al.,2000 

Na4Mn14O27 • 9H2O Birnessite Pseudomonas putida Villalobos et al.,2003 
S0 Elemental Sulfur Chromatiaceae, Beggiatoa spp, 

Thiothrix, Thiovulum, Thioploca 
Brune, 1989; Brune, 1995; Smith and 
Strohl, 1991; Strohl et al.,1981; 
Pasteris et al.,2001 

Au0 Elemental Gold Bacillus sp., Rhodopseudomonas 
capsulate, Shewanella algae, SRB  

Reith et al.,2009; He et al.,2007, 
Konishi et al.,2007; Konishi et 
al.,2006; Lengke and Southam, 2006   

 
 
CaCO3 
 

Calcite Communities of SRB and archaea, 
Cyanobacteria,  Soil bacteria 
(Bacillus megaterium), Algae (e.g. 
Halimeda, Emiliana huxleyi) 

Boetius et al.,2000;  Reitner et 
al.,2005; Thompson and Ferris, 1990,  
Lian et al.,2006; de Vrind-de Jong and 
de Vrind, 1997 
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Aragonite  Cyanobacteria (Synechococcus 
leopoliensis), Nesterenkonia 
halobia, Halomonas eurihalina 

Obst et al.,2009; Rivadeneyra et 
al.,2000; Rivadeneyra et al.,1998 

Vaterite Kocuria, Myxococcus Xanthus, 
Bacillus sphaericus 

Zamarreño et al.,2009; Rodriguez-
Navarro et al.,2007 

CaMg(CO3)2 Dolomite Nesterenkonia halobia Rivadeneyra et al.,2000 
SiO2 • nH2O Amorphous Silica Calothrix, Fischerella sp., 

Shewanella oneidensis 
Benning et al.,2004; Konhauser et 
al.,2001; Furukawa and O´Reilly, 2007 

SiO2  Silica Diatoms,  radiolarians, Thiobacillus, 
Bacillus Subtilis 

de Vrind-de Jong and de Vrind, 1997; 
Fortin and Beveridge, 1997; Urrutia 
and Beveridge, 1993 

Ca5(PO4)3(OH) Hydroxyapatite/ 
Calcium phopshate 

Ramlibacter tataouinensis, 
Corynebacterium matruchotii, 
Streptococcus mutans, 
Streptococcus sanguis 

Benzerara et al.,2004; Van Dijk et 
al.,1998; Streckfuss et al.,1974  

NH4PO4 • 6H2O Struvite Myxococcus xanthus, Pseudomonas, 
Flavobacterium, 
Acinetobacter, Yersinia, 
Corynebacterium, Azotobacter 

Da Silva et al.,2000; Rivadeneyra et 
al.,1983 
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C 

Frutexites 

Marta Rodriguez-Martinez, Christine Heim, Nadia-Valérie Quéric, Joachim Reitner 

Encyclopedia of Geobiology, Springer, 2011, in press 

 

Synonyms 

Colloform limonitic crusts; Frutexites crusts; Frutexites like forms; Frutexites microstromatolite; 

Frutexites tuffs; Haematitic/ferruginous/iron microstromatolites; Iron dendritic aggregates; Iron 

shrubs; Pillar-shaped microstromatolites. 

Definition 

Frutexites is a problematic microfossil rich in iron. From a taxonomic point of view only five 

species have been figured (Frutexites arboriformis Maslov, 1960; F. microstroma Walter and 

Awramik, 1979; Frutexites sp 1., F. sp. 2, New gen. 3 Tsien, 1979), although the authors mostly 

use the term Frutexites sensu lato. The genus Frutexites was coined by Maslov (1960) in order to 

describe submillimeter-sized, iron-rich, and subordinate calcite microfossils (Figure C.1). 

Frutexites have a dendritic shape formed by diverging microcolumns. The height and width of 

microcolumns as well as their composition and microstructure can vary (Table C.1). The 

preservation of microstructure is strongly controlled by its dominant mono- or polymineral 

character. Microstructure is formed by convex-upward laminae which sometimes show radially 

arranged fibres.  

Frutexites can occur as mainly monomineral as well as polymineral structures with: iron- and/or 

manganese-rich (hematites, iron hydroxides, iron manganese oxyhydroxides), and/or carbonate-

rich (calcite, ferroan calcite, dolomite), and/or siliciclastic-rich (argillite, microquartz), and/or 

phosphatic-rich zones.  
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Figure C.1. Original figures describing the genus of Frutexites according to Maslov (1960). 

 

Authors Height Width microstructure morphology composition 
Maslov 1960 Up to 400 µm 

(see Fig.1) 
25-30 µm 

More of 50 
µm 

Sheets with 
occasionally 

circular spaces 

Radially 
diverging and 

branched 
sheets 

Iron hydroxide 
and carbonate 

Horodyski 1975 20-500 µm 10-200 µm 2-10 µm convex-
upward laminae 

Pillar-shaped 
branched and 

not 

Hematite, 
calcite and 

argillite 
Walter and 

Awramik 1979 
Up to 450 µm 5-120 µm 0.7-2.7 µm convex 

upward laminae 
and axial tube 
(trichome?) 

Undulose 
layers, 

laminae with 
protruding 

pustules and 
erect 

branching 
microcolumns 

Organic matter 
permineralised 

by silica 

Myrow and 
Coniglio 1991 

250 µm-4 mm 
most < 1mm 

75-600 µm, 
250 µm 
average 

Chambers, 
laminae, fibres 
and projections 

Unbranching 
and branching 

columns 

Calcite, ferroan 
calcite, hematite 
and microquartz 

Böhm and 
Brachert 1993 

Up to 5 mm, 
average 1-2 

mm 

 Convex laminae 
with radially 

arranged fibres 

 Fe-Mn oxides, 
calcite and 
phosphates 

Woods and 
Baud 2008 

Up to 800 µm 50-200 µm Lighter- and 
darker coloured 
layers resulting 

chambered 
appearance 

 Hematite and/or 
Fe-Mn minerals 

and calcite 

Table C.1. Sizes, morphological and compositional parameters of Frutexites according to different authors. 
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Depositional environmental occurrences 

Frutexites has been described in marine environments like shallow and deep water stromatolites, 

microbial limestones, hardgrounds, condensed pelagic limestones as well as in cavities, sheet-

cracks, veins, and Neptunian dikes. However, comparisons with continental black shrubs are 

common, too. Frutexites structures are also frequently found in veins and fractures of deep 

subterranean environments (Figures C.2 B,C).  

 

 

Figure C.2. (A) Marine Upper Cenomanian/Lower Turonian Frutexites colonies from a deepwater 

hardground environment (Liencres coast, Northern Spain; Reitner et al, 1995). The Frutexites facies is 

located on top of the hardground sequence and marks a fundamental change of the oceanographic conditions. 

(B) Deep subterranean Frutexites colonies growing on calcareous microstromatolites from tectonic fractures 

in the so-called “sole dolomite” at the base of the Naukluft Nappe Complex (NNC) in Southern Namibia. The 

colonies are growing upside down from the fracture ceiling. The black ones are rich in Mn oxides, the ochre 

parts are enriched in Fe oxides. 
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Stromatolites 

The main record of Frutexites has commonly been recognized from shallow to deep calcareous 

stromatolites from Proterozoic to Recent examples (see Caldera lake stromatolites at Tonga, by 

Kazmierczak and Kempe, 2006). Frutexites structures grow upwards perpendicular to the 

stromatolite laminae, however they can sometimes cross them (Horodyski, 1975) and even destroy 

them. For this reason, Böhm and Brachert (1993) interpreted that stromatolite accretion was 

independent of Frutexites which would act as dweller or secondary binder in the Jurassic deep 

water stromatolites from Germany and Austria. Descriptions about the associated macro- and 

microfauna in the Frutexites-bearing stromatolites are not abundant. In the Canning Basin, the late 

Devonian Frutexites-bearing stromatolites show abundant metazoans in life position as crinoids 

and coral holdfasts encrusting the successive laminae (Playford et al.,1976), which would indicate 

normal oxygenated water conditions (Nicoll and Playford, 1993). In Jurassic stromatolites, 

Frutexites occur with shells of Bositra and Lenticulina foraminifers.  

 

Cavities, sheet cracks, veins, and Neptunian dikes 

The second most frequent occurrence of Frutexites in the geologic record is related to cavity walls 

and fissures. On the horizontal surfaces Frutexites could display a dominant upward growth, but, in 

general, their growth is normally perpendicular to the substrate where they were nucleated. 

Frutexites occur interbedded with fibrous calcite cements as well as with internal sediment. The 

oldest described record is in sheet cracks within stromatolites of the upper Vendian to Lower 

Cambrian Chapel Island Formation, Canada (Myrow and Coniglio, 1991). Frutexites have been 

found in cavities of Devonian deep water mud mounds and grouped with Renalcis-Epiphyton 

calcimicrobes, and with deep water stromatolites assemblage (Tsien, 1979) as well as in 

stromatactoid cavities from Viséan microbial limestones where they occur interbedded with marine 

isopachous crusts of fibrous and botroydal calcite cements (Gischler, 1996). The presence of 

Frutexites in Neptunian dikes has been described only in Devonian records from the Harz 

Mountains in Germany (Gischler, 1996) and mud mounds of the Hamar Laghdad Ridge in 

Morocco (Cavalazzi et al.,2007). Similar structures as Frutexites have also been described in voids 

from Toarcian Mn-rich layer at Tatra Mountains in Poland (Jach and Dudek, 2005) as well as in 

synsedimentary karstic cavities in Pleistocene travertines in Germany (Koban and Schweigert, 

1993).  

 

Condensed pelagic limestones and hardgrounds 

The last most extended occurrence of Frutexites is associated with condensed hemipelagic and 

pelagic red to grey limestones like Griotte and Hallstatt Limestone, as well as Rosso Ammonitico 
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facies from Devonian up to Jurassic. These facies occur during very low sedimentation rates, from 

deep to relatively shallow water depths, during fast transgressive and/or drowning episodes. 

Nektonic organisms are the dominant fauna (goniatites, nautiloids, ammonoids) and Frutexites 

occur in (i) water-sediment interfaces colonizing sessile fauna, reworked bioclasts as well as 

ferromanganese hardgrounds (see below) and (ii) within the micritic sediment. The first type of 

Frutexites growth in condensed pelagic limestones was described in Matagne Formation (Devonian 

of Belgium) by Tsien (1979) and in current-swept shallow pelagic ridge (Talfilalt Platform, 

Devonian of Morocco) by Wendt (1988). No less representative examples have been shown from 

the Triassic Hallstatt facies of Austria (Wendt, 1969; Rodríguez-Martínez et al.,in press) and Oman 

Mountains (Woods and Baud, 2008). In the Oman Mountains, the sea-floor was directly colonized 

by Frutexites-bearing microbialites and synsedimentary cements. However, in the Northern 

Calcareous Alps, multiple ferromanganese crusts were colonized by epibenthonic sessile 

agglutinated foraminifers which were successively encrusted by Frutexites forming pillar-like 

structures above the seawater-sediment interface.  

Similar situation has been described from deep-water hardgrounds during Mid Cretaceous times in 

Spain (Reitner et al., 1995), (Figure C.2). In this case, a previous benthic community dominated by 

coralline sponges was replaced by thick limonitic stromatolites with encrusting foraminifera and 

colonies of Frutexites. 

The growth of Frutexites within the sediment was firstly pointed out by Böhm and Brachert (1993). 

They described the changes in composition and shapes of Frutexites as a result of their growth in 

open spaces or in interstitial environments. Mamét and Préat (2006) found Frutexites associated to 

other hematite microstructures in condensed Griotte facies (Coumiac Limestones, Montagne Noire, 

Baleas Limestone Spain) and Rosso Ammonitico Limestone (Subbetic Cordillera Spain). 

 

Continental environments 

Some authors (Myrow and Coniglio, 1991; Böhm and Brachert, 1993) have compared the marine 

records of Frutexites with similar arborescent, dendritic forms found in speleothems, desert 

varnish, and travertines. Also continental black shrubs rich in manganese and iron have been 

compared with the marine Frutexites records (Koban and Schweigert, 1993; Chafetz et al.,1998). 

Shapes, sizes, and polymineral character are similar in both marine and continental records.  

 

Subterranean environments 

Frutexites structures are sometimes common in light-independent, deep continental caves, 

fractures, and veins forming small microbial crusts and build ups often associated with calcareous 

stromatolitic structures. A characteristic representative was found by J. Reitner in southern 

Namibia (Figure C. 2B) at the base of the Naukluft Nappe Complex (NNC) which is part of the 

early Cambrian Damara orogeny (Miller, 2008). The deep base of the NNC is formed by the so-
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called “Sole Dolomite” (Korn and Martin, 1959) which is often heavily fractured. Within these 

cryptic fractures Frutexites is very common and intergrows with calcareous stromatolitic structures. 

Thin-shelled freshwater type ostracodes are also abundant in this fracture system. 

A modern example of Frutexites structures has been found in the deep tunnel of Äspö in southern 

Sweden (Heim et al.,2007), as part of a highly oxygenated system. Wherever groundwater drops 

from the tunnel ceiling, a net-like, mineralized micro-system is formed on any rock surface beneath 

(Figure C.3). In general, the dropping system is associated to pending mineral cones which are 

dominated by the iron-oxidizing, chemolithotrophic bacterium Gallionella ferruginea. 

The evolving net-like structures feature semi-solid ridges, harbouring a particular, highly diverse 

microbial community. The cross-section of this mineralized biofilm shows laminae with Frutexites-

like structures (Figure C.4). These are mainly composed of iron hydroxides, iron oxides and less 

abundant manganese oxides. Small amounts of siderite, calcite and siliceous material occur side by 

side with iron and manganese oxides.  

 

Figure C.3. (A) Net-like, mineralized microbial mat covering the surface of granitic rocks (Äspö Hard Rock 

Laboratory, Sweden). (B) Scheme of the dropping micro-system according to overview A., comprising a 

pending mineral cone as a fluid-conduit (1) and the evolving, net-like microstructure beneath, displaying a 

dark mineralized ridge (2) covering the laminated biofilm (3) and the central area directly exposed to the 

fluid dropping (4). (C) Close-up of the net-like, mineralized microbial mat, pointing to the dark mineralized 

ridge (2) and the bright central area (4) according to scheme B. 
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Figure C.4. (A) Thin section of the mineralized, net-like, recent biofilm from the tunnel of Äspö (Schweden) 

under reflected light, revealing the typical laminated structure. These laminae predominantly consist of iron 

oxides and hydroxides. (B) UV-Fluorescence micrography exhibits Frutexites-like colonies within the 

laminae of the mineralized biofilm. 

 

Interpretation 

Holotypes of Frutexites species (Frutexites arboriformis Maslov, 1960; Frutexites microstroma 

Walter and Awramik, 1979) were originally described from stromatolites; thus they were 

genetically linked to different types of cyanobacteria (Playford et al.,1976, 1984; Scytonematacea – 

Walter and Awramik, 1979; Rivulariacea – Hofmann and Grotzinger, 1985; Angulocellularia – 

Riding, 1991). Hofmann and Grotzinger (1985) discussed the affinity of Frutexites to different 

cyanobacteria and proposed further alternatives (purely physicochemical accretion and/or iron 

bacteria due to the ferruginous character of stromatolites). The occurrence of Frutexites in cavities, 

fissures, and dykes was interpreted as cryptobiosis (Myrow and Coniglio, 1991). However, Tsien 

(1979) was the first suggesting a non-phototrophic character, sometimes linked to 

chemoheterotrophic cyanobacteria (Gischler, 1996) or to chemohetero- and -autotrophic bacteria 

(Cavalazzi et al.,2007). Böhm and Brachert (1993) emphazised the cryptobiontic role, a negative 

phototactic downward growth as well as the cryptoendopelitic behaviour (living in interstitial 

habitats) of Frutexites. Based on these aspects the authors proposed the preference of Frutexites for 

oxygen-deficient environments (dysaerobic to anaerobic conditions). Furthermore, they suggested a 

bacterial precursor for the formation of Frutexites, but did not exclude a possible fungal and/or 
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physicochemical origin. According to previous publications (Maslov, 1960; Myrow and Coniglio 

op cit), Böhm and Brachert (1993) explained the ferromanganese or phosphate mineralogy of 

Frutexites as a replacement of primary carbonate mineralogy. A primary iron mineralization of 

Frutexites was postulated by Horodyski (1975), Hurley and Van der Voo (1990). Others like 

Hofmann and Grotzinger (1985) believed that microbiota involved in Frutexites could regulate the 

local water chemistry and iron oxyhydroxides as well as aragonite coprecipitations.  

Finally, the occurrence of Frutexites in condensed pelagic limestones and hardgrounds has been 

linked to a physicochemical origin (Wendt, 1969) as well as to iron bacteria (Reitner et al.,1995; 

Mamet and Préat, 2006). Reitner et al (1995) interpreted the Frutexites–foraminifera assemblage as 

a R-strategic community which replaced the previous K-strategic community (sponges-microbes) 

due to fundamental changes in oceanographic conditions (from oligotrophic to more eutrophic 

conditions). Mamet and Préat discussed the origin of red pigmentation in Phanerozoic limestones, 

where some condensed pelagic limestones with Frutexites are included. They argued that under 

anoxic to dysoxic conditions, ferrous iron may be available for oxidation by microaerophilic iron 

microbes growing at the sediment-water interface. In contrast, the recent Frutexites-like structures 

found in the deep biosphere in fact grow in air-exposed environments (under aerobic conditions). 

However, the presence of different mineral phases within these structures could be associated to 

changing redox conditions and/or to a different microbial community composition at micrometer-

range. 

 

Conclusions 

The different modes of growth of Frutexites have been recognized within shallow to deep water 

stromatolites, on the seawater-sediment interface, marine micritic sediments, continental cavities, 

and fractures of deep subterranean environments. Such wider environmental distribution has been 

taken into consideration for palaeoecological interpretations. According to the occurrence of 

Frutexites, some general aspects can be summarized: i) its distribution does not show bathymetric 

control (although its dominant record is in deep waters); ii) it formed in environments with very 

low sedimentation rate (in quiet as well as in agitated waters); iii) in marine environments, 

Frutexites mainly encrusts heterozoan assemblages (crinoids, sponges, solitary corals and 

foraminifers); and finally, iv) there is no proof for an exclusive occurrence of Frutexites under 

anoxic and aphotic conditions. 

Most of the authors considered a bacterially-induced growth Frutexites, but the final assessment 

strongly depends on which mineralogical composition they interpreted as primary (timing of iron 

mineralization) as well as its loci of growth. 
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Raman Microscopy  

Jan Toporski, Thomas Dieing, Christine Heim 

Encyclopedia of Geobiology, Springer, 2011, in press 

 

Synonyms 

Confocal Raman imaging (CRI) 

Definition 

Confocal Raman microscopy (CRM) is a non-destructive analytical technique that merges Raman 

spectroscopy and confocal microscopy for the visualization of molecular information over a defined 

sample area. 

Introduction 

Raman spectroscopy is well suited for studies in mineralogy and petrography, as it provides 

nondestructive mineral identification fast and with high specificity. In addition, Raman spectroscopy 

allows the characterization of complex organic materials, which makes it particularly useful in 

biogeoscience applications (Hild et al., 2008). This technique has long been applied in geosciences, for 

example, for the identification and characterization of minerals, or in the observation of mineral phase 

transitions in high and ultra-high pressure/temperature experiments. 

In most cases, measurements have been carried out in a micro-Raman set up, i.e., information was 

obtained from single or multiple points of interest on a sample. This way, little detail on the spatial 

distribution and association of components or mineral phases, or chemical variation could be observed, 

even though this information may contribute significantly to the understanding of a sample’s complexity. 

 

By means of CRM, such sample characteristics can be evaluated from large scale scans in the centimeter 

range to the finest detail with sub-micron resolution. Modern confocal Raman microscopes allow for such 

measurements with very high sensitivity and spatial as well as spectral resolution. CRM is a tool that not 

only provides complementary information to data obtained by e.g., electron microprobe (EMP), energy 

dispersive x-ray analysis (EDX), or secondary ion mass spectrometry (SIMS). In addition to the 

quantitative and semiquantitative elemental and/or isotopic data acquired by these techniques, CRM 
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contributes the visualization of the distribution for molecular information over a defined sample area. 

Furthermore, considering that most geomaterials are transparent from the UV (NUV) to VIS and NIR to 

some degree, this information can be obtained three dimensionally due to the confocal set-up of the 

microscopes. The following discussion provides background information and examples that shall serve to 

highlight some key analytical features of this technique for applications in geosciences. A recent and 

comprehensive summary on the application of CRM in geoscience can be found in Fries and Steele 

(2009). 

 

Principles of confocal Raman microscopy 

CRM essentially merges two techniques into one. First, Raman spectroscopy, which allows 

nondestructive chemical analysis; secondly, Confocal microscopy which allows the user to examine 

samples with diffractionlimited resolution as well as to obtain three-dimensional information from the 

sample. The theory behind these two techniques will be explained in the following sections, followed by 

an illustration of how images with chemical sensitivity can be obtained using this combination of 

techniques. 

 

Raman spectroscopy 

When light of a certain wavelength interacts with a molecule, most photons are elastically scattered and 

therefore have the same energy as the incident photons. However, a very small fraction (approximately 1 

in 106–107 photons) is in elastically scattered, which means that the energy of the scattered photon is 

different (usually lower) than the energy of the incident photon.  

This is called the “Raman effect”, which was discovered by Sir Chandrasekhara Raman in 1928 (Raman, 

1928; Raman and Krishnan, 1928). Unlike today, he used a filtered beam of sunlight as an excitation 

source and his eye as a detector for the frequency shifted light. This was long before the development of 

the first laser by Maiman in 1960. Raman was awarded the Nobel Prize in 1930 for this discovery. The 

theory behind the Raman effect was derived five years earlier by Smekal (1923). The tremendous 

importance of the Raman effect lies in the fact that the energy shift between the exciting and the Raman 

scattered photon is caused by the excitation (or annihilation) of a molecular vibration. This energy shift is 

characteristic and therefore a fingerprint for the type and coordination of the molecules involved in the 

scattering process. 

 

Theory 

The following section shall provide some basic descriptions and definitions relevant to Raman 

spectroscopy. Readers interested in a detailed theoretical background are referred to Ibach and Lüth 

(2003). In quantum mechanics, the scattering process between a photon and a molecule is described as an 

excitation of a molecule to a virtual state lower in energy than a real electronic state and the (nearly 
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immediate) de-excitation. The lifetime of the virtual state is extremely short and can be calculated by the 

Heisenberg uncertainty relation: 

 

2


 Et

      (1) 

 

With typical photon energies of 1-2eV, the lifetime of the excited state is only about 10-15s. After this 

extremely short time, the molecule falls back either to the vibrational ground state or to an excited state 

(Fig. D.1). When the initial and final states are identical, the process is called Rayleigh scattering.  

 

Fig. D.1 Energy level diagram for Raman scattering. 
 

If the initial state is the ground and the final state a higher vibrational level, the process is called Stokes 

scattering, if the initial state is energetically higher than the final state, this is referred to as Anti-Stokes 

scattering. The difference in energy between the incident and the Raman scattered photon is equal to the 

energy of a vibration quantum of the scattering molecule. A plot of intensity of scattered light versus 

energy difference is called a Raman spectrum. The position of a Raman line is usually given in 

wavenumbers (1/cm), which is the energy shift relative to the excitation line: 

 

scatteredincident 
 11


      (2) 

 

incident and scattered are the wavelengths of the incident and Raman scattered photons, respectively. 
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Fig. D.2: Typical Raman Spectrum 

 

As can be seen in Fig. D.2, a typical Raman spectrum is symmetric to the Rayleigh line and the Anti-

Stokes lines are smaller than the Stokes shifted lines. 

From classical scattering theory, one finds that the intensity I of scattered light is proportional to the 4th 

power of the excitation frequency 

4I       (3) 

Exciting a sample with blue light at 400nm would therefore give a 16 times higher Raman signal than 

using red light at 800nm. The problem of using blue (or UV) excitation light, however, is fluorescence. 

Many samples show fluorescence when they are excited with blue light and Raman emissions are 

extremely weak compared to fluorescence. If a sample shows significant fluorescence, obtaining a Raman 

spectrum is usually impossible because the fluorescence background covers the Raman signal. In the red 

(or even IR) region of the spectrum, fluorescence is usually not a problem, but the excitation intensity 

must be much higher (I4). Another problem is that Silicon detectors cannot be used above 1100nm 

(band gap energy of Si: 1.12eV). Other IR detectors (such as InGaAs) show much more thermal and 

readout noise than Silicon and photon counting detectors with low dark count rates are not available yet. 

In real experiments one must always find a compromise between detection efficiency and excitation 

power. 

 

Confocal Microscopy 

Confocal microscopy requires a point source (usually a laser), which is focused onto the sample. The 

reflected light (Rayleigh, Raman, fluorescence) is collected with the same objective and focused through 

a pinhole at the front of the detector (see Fig. D.3).  
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Fig. D.3: Principal setup of a Confocal microscope 

This ensures that only light from the image focal plane can reach the detector, which greatly increases 

image contrast and with the proper selection of pinhole size, slightly increases resolution (max. gain in 

resolution: factor 2 ). As can be seen from Fig. D.3, light originating from planes other than the focal 

plane will be out of focus at the pinhole. Therefore its contribution to the detected signal is strongly 

reduced. Additionally, by changing the distance between the objective and the sample, the focal plane is 

moved within the sample thus allowing depth profiling or even 3D imaging (Wilson, 1990). 

 

Pinhole size 

The choice of the pinhole size is important because on one hand the signal should be as high as possible, 

while on the other hand the image should be as confocal as possible (highest depth resolution). To take 

full advantage of the lateral and depth resolution possible with confocal microscopy, the size of the 

pinhole should be adjusted and optimized. To obtain the highest lateral resolution, the pinhole size should 

be below vP = 0.5. (The variable v describes the position in optical coordinates and can be derived from 





sin

222
v yx 

. Here  is the excitation wavelength, x and y the sample coordinates in the focal plane 

and  half of the aperture angle. vP is the radius of the pinhole in optical coordinates when assuming a 

magnification of 1). However, at this point the transmission through the pinhole is only 5% of the 

scattered intensity. In practice, the pinhole size can be up to vP=4 without significantly changing depth 

resolution and up to vP=2 without significantly changing lateral resolution. It can be shown that if vP>4, 



Appendix  D  -   Raman Microscopy 

166 

the resolution of at least a conventional microscope remains. This is due to the fact that for a large 

detector the resolution is always determined by the diameter of the excitation laser spot. Only the depth 

resolution (and therefore contrast for a thick sample) is lost in this case. In most cases a pinhole size of 

vP=2.5 is a good compromise, since good depth resolution is maintained while >75% of the light still 

reaches the detector (see figure D.4). 

For the experiment, the relation 




Pv

d

NA

M 0
      (4) 

should be fulfilled, where M is the magnification, d0 the diameter of the pinhole and NA the numerical 

aperture of the objective. The left side of this equation is defined by the objective and the beam path and 

the right side by the wavelength, the pinhole size itself and vP. If for example an objective with a 

magnification of 100x and a numerical aperture of 0.9 is used at a wavelength of 532nm the optimum 

pinhole size would be 50µm for maximum depth resolution and 10µm for maximum lateral resolution. 

In actual experiments, one usually has to find a compromise between the highest resolution and collection 

efficiency. This is very important in confocal Raman microscopy because Raman is an extremely weak 

effect. If a very small pinhole is used, the collection efficiency is strongly reduced (Fig. D.4). 

 

Fig. D.4: Collection efficiency as a function of the pinhole size normalized to the total power in the image plane 

This graphic shows the intensity on the detector as a function of pinhole size, normalized to the total 

intensity in the image plane. One can see that the collection efficiency is about 75% for maximum depth 

resolution (vP=2.5), but only 6% for maximum lateral resolution (vP=0.5). 

Using the appropriate pinhole size, it is therefore always possible to obtain maximum depth resolution. 
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Resolution 

For sample scanning systems, the magnification printed on the objective used is of minor importance. The 

maximum scan range achievable by the sample scanner determines the maximum image size, independent 

of the magnification of the objective. The more important property of the objective is the numerical 

aperture, which together with the excitation wavelength determines the lateral resolution of the objective. 

The magnification is only important for the choice of the pinhole size.  

The maximum resolution of a classical microscope is given by the Rayleigh criterion 

NA
x

61.0


      (5) 

where x is the smallest distance between two point objects that will appear separated in the image plane, 

 is the wavelength of the excitation light and NA is the numerical aperture of the microscope objective. 

In this case, the image of two point objects will appear (Fig. D.5). 

 

Fig. D.5: The intensity distribution of two point sources which are separated by the Rayleigh criterion. 

Confocal Raman Microscopy  

Instrumentation considerations 

When combining Confocal microscopy and Raman spectroscopy the main challenge is the low signal 

intensity. As mentioned earlier, only 1 in about 106 to 107 photons is frequency shifted by the Raman 

effect. Thus the number of photons reaching the detector is far less than is the case for Confocal or 

fluorescence microscopy. The two obvious changes would be to increase the laser power and to increase 

the integration time. However, there are limitations to these possibilities as shown below: 
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a) Laser Power 

If a power of only 1mW from a 532nm laser is focused diffraction limited using a 100x air objective 

with a NA of 0.9, the power density in the illuminated spot is approximately 106W/cm². These levels 

are only possible because a single point is illuminated and the heat effectively dissipates in three 

dimensions. The maximum laser power on the sample is therefore typically in the range of 1-20mW.  

b) Integration time 

Increasing the integration time will increase the signal to noise ratio significantly. However, when 

Confocal Raman imaging or mapping is applied, in which an image is produced by recording a 

spectrum at every image pixel, the integration time per spectrum needs to be kept to a minimum. An 

integration time of only 1s per spectrum will, when recording an image of 128x128 pixels, result in a 

total acquisition time of about 4.5h, which are inconvenient time-spans for routine application.  

Therefore, a system for Confocal Raman imaging must be capable of obtaining the Raman spectra in less 

than 50-100ms. There are several parts of a Confocal Raman microscope which should be optimized in 

order to allow such rapid data acquisition. These will be discussed in the following: 

Laser power 

As described above, the maximum laser power is limited and will heavily depend on the sample used.  

Collection efficiency of the objective 

Using objectives with high numerical apertures maximizes the collection efficiency. 

Throughput of the microscope  

In order to enhance the throughput of the microscope, the components used within the beam path should 

be optimized and if possible minimized.  

Efficiency of the grating 

Highly efficient gratings with the correct blazing angle for the excitation wavelength should be used. As 

an example: A grating blazed at 500nm will have an absolute efficiency of >60% up to 3000 rel.1/cm 

when using a 532nm laser. Using the same grating with a 785nm laser will cause the efficiency to drop to 

about 30% at 3000 rel.1/cm. The correct grating blazed at 750nm, however, shows an efficiency >60% up 

to 3000 rel.1/cm when used with the 785nm laser.  

Efficiency of the spectrometer 

There are a variety of spectrometers available on the market. While mirror based spectrometers can 

generally be used over a wide spectral range, lens-based spectrometers often show a higher throughput in 

the spectral range they are designed for. Lens-based spectrometers shows a transmission at 532nm of 

>65% (e.g. UHTS300 from WITec). Commercially available mirror-based Czerny-Turner spectrometers 

only have a transmission of about 30% at this wavelength. 
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Efficiency of the detector (CCD) 

Back-illuminated CCD cameras show a quantum efficiency (QE) of >90% over the entire spectral range 

of interest for 532nm excitation. Deep depletion back-illuminated CCD cameras, on the other hand, show 

a QE of >70% for 785nm excitation. As a comparison, front illuminated CCD cameras do not exceed 

55% quantum efficiency at any wavelength. 

Additionally, the dark current of the cameras needs to be minimized, which is achieved through efficient 

Peltier cooling. 

The readout noise is another limiting factor for small signals. As the analog to digital (A/D) converter of 

all cameras will add at least 5-10 electrons read-out noise to the signal, any signal below approximately 5 

electrons will be lost in the noise. Additionally, the faster the A/D converter is operating, the higher the 

read-out noise will be. Electron-multiplying CCD (EM-CCD) cameras can be used to overcome this 

problem. With these cameras, the signal is amplified before the A/D conversion, allowing the detection of 

even single photons and reducing the necessary integration time down to milliseconds. 

Principle of operation 

Confocal Raman microscopes generally provide a variety of modes of operations. The most common are 

listed below: 

Collection of Raman spectra at selected sample areas (Single Spectrum) 

Single Raman spectra can be collected at user-selectable sample areas with integration times ranging from 

ms to hours. The position of the collected spectrum can normally be fully controlled in 3D. A stable and 

precise positioning system must be included in the instrument to ensure that the point of interest will 

remain fixed under the excitation focus. This is very important when spectra with longer integration times 

for the best quality and signal to noise ratio are to be obtained from extremely small sample volumes. For 

example, using an oil immersion objective (NA 1.4) with a 532nm laser and the proper pinhole size 

allows the sample volume to be as small as 230x230x550nm. 

Collection of time series of Raman spectra at selected sample areas (Time Spectrum) 

With this mode, time series of Raman spectra can be obtained to analyze dynamic sample properties. 

Thousands of spectra can be obtained over time and analyzed with integration times ranging from ms to 

tens of seconds.  

Raman spectral imaging 

In the Raman spectral imaging mode, the sample is moved in X and Y and a full Raman spectrum is 

obtained at every pixel measured. From these data sets images of e.g. the integrated intensity of various 

bands can be generated. This is illustrated in the following example.  

A sample from the Äspö Hard Rock Laboratory, Sweden, was studied using the large area scan mode of 

an alpha500 R, aiming to characterize secondary cleavage fillings in a 1.8 to 1.4 Billion years old diorite. 
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A section was obtained from a drill core from the SKB (Swedish nuclear fuel and waste management 

company) core library and drilled from a tunnel at ~450 m below the surface. This sample was examined 

by confocal Raman imaging (WITec alpha500R confocal Raman microscope) with a 532nm laser and a 

50x air objective (NA 0.55). The scan range was 8000µm in X and 2000µm in Y with 800x200 points 

resolution. Each spectrum was integrated for 36ms. Fig. 6 shows the characteristic spectra of Calcite, 

Fluorite and Quartz found in the sample. Integrating over, for example, the area marked in green in  

Fig. D.6d results in a single value for each of the 160000 spectra and this can then be displayed as an 

image as shown in Fig. D.6a for Quartz. Here brighter values indicate a higher integrated intensity of the 

Quartz peak. The distribution of Quartz can thus be seen from this image. Other spectra of the same scan 

show the characteristic features of Calcite or Fluorite (Fig. D.6d). Using these, the Calcite (Fig. D.6b) and 

Fluorite (Fig. D.6c) images can easily be generated by using additional integral filters for the marked 

regions. Other features of the spectra such as the width of peaks or their position can also easily be 

evaluated by applying the corresponding filters. 

Fig D.6: Spectra (d) and spectral images of Quartz (a), Calcite (b) and Fluorite (c) recorded from the diorite (a) and 

the fracture fillings (b and c). 

Further evaluation of the data allows the averaging of similar spectra (for which a cluster analysis is often 

used) and the subtraction of, for example, pure spectra from mixed spectra to extract the spectra of the 

various components. These spectra can then be used with the basis analysis, where each of the spectra 

recorded are fitted with a linear combination of the basis spectra. The result of such an analysis is one 

image for each basis spectra and these images can then be combined to generate a false color image 

showing the distribution of all components in one image (Fig. D.7). Mixed areas are shown as the 

corresponding mixed color and the spectra are color coded in the same way as the image. 



Appendix  D  -   Raman Microscopy 

171 

 

Fig D.7: Averaged and subtracted spectra of the various components in the diorite and the adjacent fracture minerals 

with the combined image on the left. 

The color-coded Raman image and corresponding spectra in Fig. D.7 allow for the general assignment of 

mineral phases and their gross distribution over the scanned area. In addition to the mineralogical context 

information, organic components were identified, spectrally characterized and located, trapped between 

two generations of fracture fillings, (the hydrothermal Fluorite and low temperature Calcite, Tullborg et 

al., 2008; Wallin and Petermann, 1999), indicating at which point in time a “deep biosphere” was active 

within these rocks. 

Cluster analysis of the data set revealed discrete areas of variation in the mineral phases (Fig. D.8). This is 

exemplified by the Quartz phase four distinct regions were identified based on variations in relative peak 

intensity. Plotting regions of equal intensities of the Quartz line at ca. 200 cm-1 shows discrete regions in 

the sample corresponding to each of the identified spectra.  

Quartz was selected as an example to highlight the feasibility of color-coded Raman imaging to locate 

changes of different mineral phases. These changes can likely be attributed to different levels of 

crystallinity and crystal orientation. It is noteworthy that the discrete phase colored green only occurs at 

the interface with the Plagioclase minerals, which can be attributed to a secondary phase due to the 

alteration and phase changes of the Plagioclases. Since SiO2-phases play an important role in 

biomineralisation, this example highlights the potential benefits confocal Raman imaging may provide in 

understanding the processes and dynamics involved in these processes. 
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Fig D.8. Variations in the Quartz phases, due to changes in the crystallographic orientation, the crystallinity and the 

minerals. 

Summary 

CRM is a nondestructive analytical technique that merges Raman spectroscopy and confocal microscopy 

for the visualization of molecular information over a defined sample area. The technique makes use of the 

Raman effect (Raman, 1928), i.e., the energy shift between exciting and scattered photons which is 

caused by the excitation (or annihilation) of a molecular vibration. This energy shift is characteristic and 

therefore a fingerprint for the type and coordination of the molecules involved. By means of CRM, the 

spatial distribution and association of components in the sample, including organics as well as minerals, 

can be evaluated from large scale scans in the centimeter range to the finest detail with submicron 

resolution. This way, CRM may contribute significantly to the understanding of a sample’s chemical 

composition, and complexity, in geological and geobiological studies. 
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