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Abstract 

The Early Eocene Fur Formation of Northwestern Denmark comprises one of the largest, world-

wide known glendonite, a calcite pseudomorph after the metastable mineral ikaite 

(CaCO3*6H2O). Several authors used glendonite as an indicator for cold ages in the geologic rec-

ord, but the Early Eocene is known for its warm climate following the Palaeocene-Eocene Thermal 

Maximum (PETM). These mega-glendonites of the Fur Formation were investigated for their geo-

chemical composition in order to decipher the paleoenvironmental conditions during ikaite for-

mation in the Early Eocene. Several temperature proxies (Δ47; δ18Ocarb; δ18Odiatom) were applied to 

unravel the thermal history of ikaite formation in the silica-dominated, carbonate-free, and or-

ganic rich Danish Basin. The reconstruction of paleotemperatures within the sedimentary column 

points to cold temperatures for ikaite formation and to a range of +6 to +8 °C for the temperature 

of the transformation from ikaite to glendonite. Consequently, ikaite formation even occurs in 

warmer times if the temperatures of the bottom water and in the uppermost sedimentary column 

are cold enough and if other geochemical factors (high concentrations of phosphate, of magne-

sium, and of organic matter; high alkalinity) inhibit the formation of calcite and aragonite. 

The glendonite of the Fur Formation is often located inside carbonate concretions, but carbonate 

concretions also occur in horizons without glendonites. Most of the carbonate concretions and 

the glendonite are bound to certain ash layers embedded within the clayey diatomite of the Fur 

Formation. Besides temperature proxies, other geochemical parameters were analysed to get 

further insight into the paleoenvironmental setting during the deposition of the sediments and 

of the subsequent formation of authigenic minerals. Early diagenetic processes, like or-

ganotrophic sulphate reduction and anaerobic oxidation of methane, were identified as key for-

mation processes for ikaite/glendonite and carbonate concretions. In the lowermost part of the 

Fur Formation, impacts of the PETM were investigated. However, no signs of the PETM were iden-

tified within the glendonites and their surrounding carbonate concretions. 

Finally, a paleoenvironmental model for the deposition of the Early Eocene Fur Formation was 

developed in order to reconstruct the conditions for the formation of ikaite and its subsequent 

transformation to glendonite in the sediments of this warm age.  



vi 

 

Table of Contents 

Abstract ___________________________________________________________________ v 

Table of Contents __________________________________________________________ vi 

1 Introduction and scientific objectives of this study _____________________________ 1 

1.1. General introduction ______________________________________________________ 1 

1.2. Scientific objectives of this study _____________________________________________ 7 

2 State of the art _________________________________________________________ 9 

2.1 Ikaite and its subsequent transformation to glendonite __________________________ 9 

2.2 Geological setting ________________________________________________________ 12 

2.3 Paleoenvironmental conditions within the Danish Basin _________________________ 17 

3 Materials and methods __________________________________________________ 21 

3.1 Materials _______________________________________________________________ 21 

3.1.1 Glendonite samples and their surrounding carbonate concretions ________________________ 21 

3.1.2 Carbonate concretions and volcanic ashes of the Fur Formation __________________________ 22 

3.1.3 Diatom samples and glendonite samples for temperature estimates ______________________ 23 

3.2 Methods _______________________________________________________________ 26 

3.2.1 Sample preparation ______________________________________________________________ 26 

3.2.2 X-ray diffraction _________________________________________________________________ 26 

3.2.3 Electron microprobe analyses______________________________________________________ 26 

3.2.4 Carbonate oxygen and carbon isotopes (δ18Ocarb and δ13Ccarb) ____________________________ 27 

3.2.5 Apatite concentration within glendonites (PO4
3-) ______________________________________ 27 

3.2.6 Total carbon (TC), total sulphur (TS), and total inorganic carbon (TIC) ______________________ 27 

3.2.7 Concentration of total organic carbon (TOC) and C/N ratio ______________________________ 28 

3.2.8 Organic carbon isotopes (δ13Corg) ___________________________________________________ 28 

3.2.9 Strontium (87Sr/86Sr) and calcium (δ44/40Ca) isotopes ___________________________________ 29 

3.2.10 Sulphur (δ34SCAS) and oxygen (δ18OCAS) isotopes of CAS and WSS ________________________ 29 

3.2.11 Biomarker analyses ____________________________________________________________ 30 

3.2.12 Oxygen isotopes of diatom frustules (δ18Odiatom) _____________________________________ 31 

3.2.13 Clumped isotopes of replacive calcite (Δ47) _________________________________________ 34 

4 Results _______________________________________________________________ 37 

4.1 Glendonite of the Fur Formation ____________________________________________ 37 

4.1.1 Macroscopic textures ____________________________________________________________ 37 

4.1.2 Petrography and mineralogy ______________________________________________________ 38 

4.1.3 Geochemistry __________________________________________________________________ 41 

4.2 Carbonate concretions and volcanic ash layers of the Fur Formation _______________ 47 

4.2.1 Sediment structures and fossils ____________________________________________________ 47 

4.2.2 Volcanic ash layers – Microscopic textures and geochemistry ____________________________ 47 

4.2.3 Carbonate concretions – Microscopic investigations ___________________________________ 52 



 

vii 

 

 

4.2.4 Carbonate concretions - Geochemistry ______________________________________________ 53 

4.3 Paleotemperatures _______________________________________________________ 66 

4.3.1  Paleotemperatures indicated by the clumped isotope measurements (Δ47) of glendonite ___ 66 

4.3.2 Paleotemperatures indicated by δ18Ocarb of glendonite and carbonate concretions ___________ 68 

4.3.3 Bottom water temperatures indicated by δ18Odiatom values ______________________________ 75 

5 Discussion ____________________________________________________________ 79 

5.1 Glendonite of the Fur Formation ____________________________________________ 79 

5.1.1 The internal structure of glendonite ________________________________________________ 79 

5.1.2 The carbon source for ikaites and the newly built fill cements ____________________________ 82 

5.1.3 Oxygen isotopes – temperature estimates vs. pore water composition ____________________ 84 

5.1.4 Apatite as limiting factor for bulk δ18O analyses of glendonite samples ____________________ 86 

5.1.5 Did the ash layers enhance the chance for ikaite formation? _____________________________ 87 

5.1.6 Paleoenvironmental conditions of ikaite formation and transformation ____________________ 92 

5.2 Carbonate concretions and volcanic ash layers of the Fur Formation _______________ 95 

5.2.1 Volcanic ash layers – Their possible impact on the formation of carbonate concretions _______ 95 

5.2.2 Carbonate concretions – shape and composition ______________________________________ 98 

5.2.3 Carbon cycling within the Fur Formation – Signals from the PETM? _______________________ 98 

5.2.4 Pore water geochemistry ________________________________________________________ 102 

5.2.5 Diagenetic zones within the sedimentary column _____________________________________ 105 

5.3 Paleotemperatures ______________________________________________________ 111 

5.3.1 Previous paleotemperature estimates for the Fur Formation ___________________________ 111 

5.3.2 Concept of the multiproxy paleotemperature reconstruction ___________________________ 112 

5.3.3 Paleotemperatures derived from clumped isotopes (Δ47) ______________________________ 113 

5.3.4 Paleotemperatures derived from carbonate oxygen isotopes (δ18Ocarb) ___________________ 114 

5.3.5 Paleotemperatures derived from oxygen isotopes of diatom frustules (δ18Odiatom) __________ 116 

6 Model of the Fur Formation deposition ____________________________________ 121 

7 Summary and outlook __________________________________________________ 125 

7.1 Summary ______________________________________________________________ 125 

7.2 Outlook _______________________________________________________________ 128 

8 References ___________________________________________________________ 129 

9 Appendices ___________________________________________________________ 147 

10 Acknowledgements and Curriculum Vitae ________________________________ 161 

10.1. Acknowledgements ___________________________________________________ 161 

10.2. Curriculum vitae ______________________________________________________ 162 

 

 



 

 



 

1 

 

Introduction and scientific objectives of this study 

1 Introduction and scientific objectives of this study 

1.1. General introduction 

Glendonite is a calcite pseudomorph after the metastable mineral ikaite (Fig. 1 and Tab. 

1). Freiesleben (1827) first described it as “Gerstenkörner”, but other names like thinolite, jar-

rowite, gennoishi, or pseudogaylussite were used subsequently. The name “glendonite” was rec-

ommended by David and Taylor (1905) when reporting these pseudomorphs in the Glendon Val-

ley in New South Wales, Australia, as Dana did during expeditions between 1838 and 1842 

(Dana, 1849). After investigating marine, sedimentary ikaite in the Bransfield Strait, Antarctica, 

Suess et al. (1982) proposed that the mineral ikaite, a calcium carbonate hexahydrate 

(CaCO3*6H2O), is the precursor of glendonite. Ikaite was initially identified in the laboratory by 

Pelouze (1831), and in nature in the Ikka fjord, Greenland, by Pauly (1963) (Fig. 1 and Fig. 2). 

Modern ikaite is often observed in marine, organic-rich, anoxic sediments, growing into the water 

column, and in the sea ice of polar regions (e.g. Suess et al., 1982; Shearman and Smith, 1985; 

Jansen et al., 1987; Schubert et al., 1997; Dieckmann et al., 2010; Geptner et al., 2014; Zhou et 

al., 2015; Tab. 2). Ikaite is metastable with respect to calcite and aragonite and it decomposes 

under atmospheric conditions (Brooks et al., 1950; Bischoff et al., 1993; Hu et al., 2015). In 

recent years, ikaite was discovered in terrestrial environments at temperatures up to +10 °C at 

pH values higher than 11 (Milodowski et al., 2014; Boch et al., 2015; Field et al., 2016), unlike 

marine ikaite that formed at low temperatures between -1.9 and +3 °C (Zhou et al., 2015). Ikaite 

was proposed to form at near-freezing temperatures. Thus, glendonite was used as a proxy for 

identifying cold climatic conditions in the geologic record (Kaplan, 1979; Kemper and Schmitz, 

1975, 1981; James et al., 2005; Rogala et al., 2007; Fig. 3). Teichert and Luppold (2013) ques-

tioned that ikaite, respectively glendonite, was solely precipitated in cool environments. Instead, 

they proposed that ikaite was formed at marine methane seep locations via methanotrophic sul-

phate reduction at temperatures of ca. +10 °C, i.e. temperatures higher than usually reported for 

ikaite from marine environments. 

Several factors like high alkalinity, high contents of organic matter, orthophosphate, or 

magnesium are thought to increase the stability of ikaite towards higher temperatures (Brooks 

et al., 1950; Bischoff et al., 1993; Hu et al., 2015). Moreover, two microbial processes are be-

lieved to trigger the formation of ikaite at the water sediment interface: the organotrophic and 

the methanotrophic sulphate reduction (Boggs, 1972; Suess et al., 1982; De Lurio and Frakes, 

1999; Geptner et al., 2014; Zhou et al., 2015). 

The Early Eocene Fur Formation of Northwestern Denmark was deposited a few 100,000 

years after the Palaeocene-Eocene Thermal Maximum (PETM) in a warm, subtropical climate 

(Bonde, 1966; Pedersen et al., 2011). The PETM is considered to have been a time of extreme 

climate change, a carbon cycle event where marine bottom waters and high-latitude surface wa-

ters warmed in a dramatic way (e.g. Kennett and Stott, 1991; Dickens et al., 1995; Tripati and 
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Elderfield, 2005; Pearson et al., 2007; Zachos et al., 2008). A rapid and substantial release of 

carbon dioxide (CO2) during the opening of the North Atlantic caused the PETM. In addition, me-

thane (CH4) was liberated explosively from hydrothermal vent complexes triggered by contact 

metamorphism of mantle-derived melts in carbon-rich sediments (Svensen et al., 2004; Frieling 

et al., 2016). Additionally, McIerney and Wing (2011) and Bowen et al. (2015) proposed two 

other sources of CO2 and CH4, a widespread oxidation of organic carbon and a bolide impact. 

 

Fig. 1: Photographs of (A) an ikaite, investigated in the Congo fan (Picture: M. Zabel) and (B) glen-

donite of ash layer +9 of the Fur Formation (Picture: B. Schultz). 

The deposition of the Early Eocene Fur sediments occurred in a local upwelling region 

(Pedersen and Surlyk, 1983; Pedersen et al., 2011) during subtropical conditions pointing to 

temperatures higher than generally considered for ikaite formation (Collins et al., 2005; Tripati 

and Elderfield, 2005; Sluijs et al., 2006; Schoon, 2013). The Fur Formation comprises diatomite 

alternating with ca. 200 ash layers related to the North Atlantic Igneous Province (NAIP) (Bøggild, 

1918; Pedersen et al., 1975; Larsen et al., 2003). In the Fur Formation, solely diatom frustules 

(Pedersen and Surlyk, 1983; Pedersen and Buchardt, 1996; Pedersen, 2008) can be found, while 

calcitic micro- and macrofossils are absent. Zechstein salt diapirs migrated upwards into sedi-

ments below the Fur Formation (Madirazza, 1976; Larsen and Baumann, 1981; Jørgensen et al., 

2005; Pedersen et al., 2011). 
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Fig. 2: Main glendonite and ikaite localities on a global map. Recent 

ikaite/glendonite sites are given in red numbers and yellow signs, fos-

sil findings are labelled with yellow numbers and orange signs. The 

green arrow points to the location of the Fur Formation. All cited refer-

ences are given in tables 1 and 2. 
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Fig. 3: Main glendonite and ikaite findings in Earth´s history (modified after ICS 

International Chronostratigraphic Chart 2016). Recent ikaite/glendonite are 

given in red numbers and yellow signs, fossil findings are labelled with black 

numbers and orange signs. The green arrow points to the time of the deposition 

of the Fur Formation. All cited references are given in tables 1 and 2. 
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Tab. 1: Cited glendonite references shown in figures 2 and 3. 

 

Pedersen and Buchardt (1996), Huggett et al. (2005), and Schultz (2009) investigated 

glendonite in the Danish Fur Formation containing the largest glendonites (so called “mega-glen-

donites”; Fig. 1) reported so far. Pedersen and Buchardt (1996) were the first to describe the 

glendonite and analysed carbon and oxygen isotope data for glendonite from the Fur Formation 

that form a base for respective analyses in this study. Huggett et al. (2005) described glendonite 

from the Fur Formation, embedded in fine-grained sediments that are rich in organic matter. Glen-

donite consisting of single crystals or clusters is often partially enclosed in calcareous concre-

tions. Huggett et al. (2005) refer to it as type C glendonite. Brooks (2006) investigated in the 

calcareous concretions of the Fur Formation large, brown, wedge-shaped crystals of calcite with 

10 cm in diameter and up to 30 cm length. The largest glendonite is about 1.5 m long and it was 

investigated at the Lynghøj pit (N-Mors). Pedersen et al. (2011) reported rosettes of calcite crys-

tals (between ash layers +3 and +62) and concluded that the precursor ikaite could have been 
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formed within the sediments below the seafloor under cold-water conditions caused by a ther-

mocline between sea surface water and bottom water. Despite all these reports, the formation of 

ikaite and the subsequent transformation from ikaite to glendonite during the warm Early Eocene 

remains poorly constrained and will be clarified in this study. 

Tab. 2: Cited ikaite references shown in figures 2 and 3. 
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1.2. Scientific objectives of this study 

Petrographic, geochemical, and isotope data of Early Eocene glendonite from the Fur For-

mation are presented in the first part of this study (Fig. 4). Analyses at high spatial resolution 

provide information about the internal structure of glendonite and the transformation processes 

from ikaite to glendonite. Geochemical and isotope data allow reconstructing environmental 

conditions for the ikaite precipitation and the stability of glendonite. Finally, the impact of the 

volcanic ash layers as well as the Zechstein salt diapirs are discussed. 

In the second part of this study, geochemical and isotope data for the volcanic ash layers 

and the carbonate concretions of the Fur Formation are discussed in order to reveal the formation 

processes of the carbonate concretions. Based on a multi proxy investigation (Corg, C/N ratio, 

δ34SCAS, δ18OCAS, and biomarker), the paleoenvironmental circumstances are reconstructed resolv-

ing climate responses for the period after the PETM (riverine organic matter supply, water column 

stratification). Furthermore, the early diagenetic environment(s) of calcite precipitation are re-

constructed for the carbonate concretions. 

Finally, prevailing paleotemperatures during the deposition of the sediments are de-

duced from several geochemical proxies in the third part of this study. For the first time, clumped 

isotopes (Δ47) representing a direct proxy for the temperature of carbonate precipitation (Eiler, 

2007; Huntington et al., 2009; Affek, 2012) have been measured for glendonite samples. Results 

for clumped isotopes are used to calibrate the δ18O value for the initial pore water from which the 

ikaite/glendonite and the carbonate concretions were precipitated. After estimating the δ18O 

value of the pore water, two other temperature proxies (δ18Ocarb and δ18Odiatom) are discussed in 

respect to the overall paleotemperatures that prevailed in the bottom water and within the up-

permost sedimentary column during the Early Eocene. 

The ultimate aim of this study is to establish a model for the deposition of the Early Eo-

cene Fur Formation with a special focus on the formation of ikaites and subsequent transfor-

mation to glendonites (Fig. 4). A combination of petrographical, geochemical, and isotopic infor-

mation serves to achieve this research goal. 
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Fig. 4: Flow progress chart of this PhD thesis showing the inner structure and summarizing 

important keynotes. 
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2 State of the art 

2.1 Ikaite and its subsequent transformation to glendonite 

Ikaite 

Ikaite is a calcium carbonate hexahydrate (CaCO3*6H2O) and it is metastable as a func-

tion of temperature (Marland, 1975; Brecevic and Nielsen, 1993). In addition, several studies 

discussed the stability of ikaite under various concentrations of phosphate, pH, and other chem-

ical substances (Brooks et al., 1950; House, 1987; Lin and Singer, 2006; Hu et al., 2015). More-

over, laboratory studies examined the thermal expansion behaviour of ikaite (Lennie et al., 2004; 

Papadimitriou et al., 2014; Zaoui and Sekkal, 2014), Raman, and IR spectra of this monoclinic 

mineral (Coleyshaw et al., 2003; Sahar et al., 2005; Tang et al., 2009; Rysgaard et al., 2012, 

Demichelis and Gale, 2014; Boch et al., 2015). 

In nature, ikaite is often found in waters with temperature close to the freezing point (e.g. 

Pauly, 1963; Stein and Smith, 1985; Jansen et al., 1987; Hansen et al., 2011; Oehlerich et al., 

2013; Field et al., 2016). Thus, ikaite was thought to decompose at temperatures higher than 

4 °C (Hu et al., 2014). In addition, several inhibitors preventing the formation of calcite and arag-

onite and favoring the formation of ikaite were identified: high Ca concentration, high alkalinity, 

high pCO2, high Mg concentration, high organic matter concentration, and a high phosphate con-

centration as the dominant controlling factor (Bischoff et al., 1993; Gal et al., 1996; Buchardt et 

al., 1997; Kodina et al., 2002; Zhou et al., 2015). Ikaite often forms in terrestrial and marine 

environments where two different water masses mix like in the Mono Lake, California, or the Ikka 

fjord in Greenland (Bischoff et al., 1993; Council and Bennett, 1993; Ito et al., 1996; Buchardt 

et al., 1997, 2001; Oehlerich et al., 2013; Milodowski et al., 2014; Boch et al., 2015; Field et al., 

2016). Recently, ikaite was observed in sea ice (Dieckmann et al., 2008, 2010; Fischer 2009; 

Rysgaard et al., 2012; Fischer et al., 2013; Hu et al., 2014). 

Besides the mixing of different water masses, ikaite also precipitates as a result of early 

diagenetic processes like organotrophic sulphate reduction via microbial degradation of organic 

matter in highly reducing environments (e.g. Stein and Smith, 1985; Bischoff et al., 1993; Haase, 

1998; Jansen et al., 1987; Kennedy et al., 1987; Schubert et al., 1997; Zabel and Schultz, 2001; 

Kodina et al., 2002; Zhou et al., 2015; Bell et al., 2016). Stougaard et al. (2002) and Schmidt et 

al. (2006) investigated sulphate-reducing bacteria ikaite columns at the Ikka fjord in Greenland. 

The anaerobic oxidation of methane is another source for the bicarbonate ion, which apparently 

initiates the formation of ikaites (Stein and Smith, 1985; Jansen et al., 1987; Schubert et al., 

1997; Zabel and Schultz, 2001; Bell et al., 2016). 

Ikaite form in the shallow sedimentary column, where the phosphate and the organic 

matter concentration in the pore water are high favouring the precipitation of ikaites (Lu et al., 

2012; Zhou et al., 2015). Lu et al. (2012) proposed a time interval of several decades for the 

formation of the ikaite of the Antarctic Peninsula. 
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Glendonite 

Ikaite is metastable, but it has been preserved as glendonite in the geological record 

since the Ediacaran (Johnston, 1995; James et al., 2005; Dempster and Jess, 2015; Wang et al., 

2016; Fig. 3). Suess et al. (1982) established an understanding that the mineral ikaite is the 

precursor of glendonite. Glendonite was observed as bipyramidal blades, rosettes, and in stel-

late forms with rhombic prisms in cross sections (e.g. Stolley, 1909; Kaplan, 1979; Kemper and 

Schmitz, 1981; Suess et al., 1982; Larsen, 1994; Greinert and Derkachev, 2004; Frank et al., 

2008; Spielhagen and Tripati, 2009; Geptner et al., 2014; Teichert and Luppold, 2013; Wang et 

al., 2015). Glendonite consists of calcite with 98 wt% CaCO3 (Boggs and Hull, 1975). It exhibits 

a density of 1.9 g cm-3 under friable conditions for loosely deposited calcite after ikaite, named 

“proto-glendonites” sensu Teichert and Luppold (2013), or a density of 2.65 g cm-3 for glendo-

nite that is filled entirely with calcitic cement (Kaplan, 1979). 

Glendonite is often reported from laminated sediments where the laminae next to the 

glendonites were disturbed, or, more precisely, warped around the glendonite pointing to a dis-

placive growth of the ikaite during early diagenesis (Greinert and Derkachev, 2004; McLachlan 

et al., 2006; Selleck et al., 2007; Frank et al., 2008; Wang et al., 2015). Thus, ikaite is thought 

to precipitate near the water sediment interface where the nutrients, especially phosphate and 

organic matter, are very high (Kaplan, 1979; Larsen, 1994; De Lurio and Frakes, 1999; Kodina et 

al., 2002; Greinert and Derkachev, 2004; Huggett et al., 2005; McLachlan et al., 2006; Zu et al., 

2012). Most authors concluded that the precursor ikaite precipitated in marine, dysoxic to anoxic 

environments where the bicarbonate ion resulted from microbial organotrophic sulphate reduc-

tion (Boggs, 1972; Kaplan, 1979; Kemper and Schmitz, 1981; Suess et al., 1982; Larsen, 1994; 

De Lurio and Frakes, 1999; Kodina et al, 2002; Greinert and Derkachev, 2004; Huggett et al., 

2005; Rogala et al., 2007; Selleck et al., 2007; Frank et al., 2008; Spielhagen and Tripati, 2009; 

Geptner et al., 2014; Grasby et al., 2017). In addition, anaerobic oxidation of biogenic methane 

is another source for the bicarbonate ion of the ikaite (Kodina et al., 2002; Greinert and Derka-

chev, 2004; Teichert and Luppold, 2013). The processes of organotrophic sulphate reduction 

and anaerobic oxidation of methane were identified using stable carbon isotopes (δ13Ccarb and 

δ13Corg) (e.g. Spielhagen and Tripati, 2009; Geptner et al., 2014; Teichert and Luppold, 2013; 

Morales et al., 2015; Grasby et al., 2017). 

If the temperatures are higher than 4 °C (Hu et al., 2014), ikaite decomposes to a mush 

of small calcite grains and water (e.g. Zabel and Schultz, 2001; Boch et al., 2015; Field et al., 

2016). Under perfect temperature conditions and in environments favouring the stability of the 

void, ikaite is transformed to glendonite. For this, the primary ikaite crystal is filled with the cal-

cite of the ikaite mineral (CaCO3*6H2O) and, subsequently, with various other calcite cements 

(Boggs, 1972; Boggs and Hull, 1975; Kaplan, 1979; Larsen, 1994; Greinert and Derkachev, 

2004; Huggett et al., 2005; McLachlan et al., 2006; Selleck et al., 2007; Frank et al., 2008; 

Teichert and Luppold, 2013; Grasby et al., 2017). The first cement phase following the break-

down of ikaite consists of large, loosely packed ovoid calcite crystals and rosettes (Boggs, 1972; 

Larsen, 1994; De Lurio and Frakes, 1999; Frank et al., 2008; Teichert and Luppold, 2013). This 
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calcite might has formed very rapidly in a matter of few hours (Huggett et al., 2005) and the re-

leased crystal water prevents the collapse of the primary void (Larsen, 1994; Johnston, 1995; 

Frank et al., 2008). Teichert and Luppold (2013) suggested the transformation to start at the 

margin preserving the original morphology in a soft, marine sediment. These calcite crystals were 

often enclosed by a subsequent rim cement (Greinert and Derkachev, 2004; Huggett et al., 2005; 

Frank et al., 2008; Teichert and Luppold, 2013). Later, the open pore spaces were filled with a 

sparry calcite (e.g. Kaplan, 1979; Greinert and Derkachev, 2004; Huggett et al., 2005). Addition-

ally, Ito (1998) denoted moisture on the surface of the crystal and magnesium chloride in solu-

tion to favour a very slow transformation. This could be an explanation for the preservation of 

ikaite in marine environments in the geological record. Ikaite was thought to form syndeposition-

ally or during early diagenesis prior to compaction and lithification (Boggs and Hull, 1975; Gept-

ner et al., 2014; Wang et al., 2015). 

According to Hu et al. (2014), the transformation of ikaite to glendonite occurs above 

+4 °C depending on the chemical composition of the pore water. Glendonite was used as a tracer 

for cold temperatures or, in a larger context, for ice ages, because glendonite has been observed 

in respective sediments and in the vicinity of dropstones (Kaplan, 1979; Kemper and Schmitz, 

1981; Kemper, 1987; Rogala et al., 2007; Spielhagen and Tripati, 2009). Jones et al. (2006) pro-

posed a direct connection between the formation of ikaite and its subsequent transformation to 

glendonite for mid to late Permian glendonite within the Bowen-Gunnedah-Sydney Basin Sys-

tem, Eastern Australia, with the upwelling of cold, dense water masses at the continental shelf 

resulting in decreased surface water temperatures. This glendonite was formed during in the 

warm Permian as indicated by a transgressive and a highstand facies pointing to a temperate 

climatic condition at the pole. Teichert and Luppold (2013) were the first to question a direct 

association of glendonite and ice ages analysing the oxygen isotopic composition (δ18O) of Early 

Jurassic belemnites and ostracodes and reconstructing a paleotemperature of ca. +10 °C. From 

the same deposits, glendonite is reported. 

In this study, the formation of ikaite within the Early Eocene Fur Formation will be inves-

tigated using various geochemical parameters. The Fur Formation mainly bears diatomite and 

volcanic ash layers, thus, mainly silica-dominated sediments. Pueyo et al. (2011) investigated 

pseudomorphs after ikaite in Lake Chungará, a silica-dominated lake in an active volcanic set-

ting. They proposed the formation of ikaite during synsedimentary methanogenesis and the 

leaching of volcanic rocks. The volcanic environment as a contributor for ions is also considered 

in this study. 
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2.2 Geological setting 

The Fur Formation of Early Eocene age crops out in the Limfjorden region in Northwestern 

Denmark (Fig. 5) and is accessible at coastal cliff exposures and quarries. The formation consists 

of 60 m clayey diatomite with ca. 200 volcanic ash layers (Bøggild, 1903; Pedersen and Surlyk, 

1983) and was divided into the lower (40 m thick) Knudeklint Member and the upper (20 m thick) 

Silstrup Member (Pedersen and Surlyk, 1983; Heilmann-Clausen et al., 1985). The name ‘Fur 

Formation’ was established 1983 by Pedersen and Surlyk. Due to its diatomite content, the Fur 

Formation was named Mo-clay (‘Moler’) in older publications. 

 

Fig. 5: Map of Northwestern Denmark with studied outcrops: 1) Silstrup coast, 2) Hjardemål pit; 3) 

Sundby coast, 4) Skarrehage pit, 5) Lynghøj pit, 6) Ejerslev pit, 7) Feggeklit coast, 8) Knudeklint coast 

(type location), 9) Stolleklint coast and 10) Råkildevej pit. All outcrops of the Fur Formation are dis-

played in red colour (modified after Willumsen, 2004). 

The diatomite is light to dark grey in colour, while weathered surfaces appear white to 

yellowish. Lamination occurs mainly in the lower Knudeklint Member pointing to anoxic bottom 

water conditions, while the upper Silstrup Member is characterised by an alternation of biotur-

bated and laminated diatomite (Pedersen et al., 2011). The diatomite has an average density of 

0.8 g cm-3 and contains about 65% marine diatoms and clay minerals, mainly montmorillonite 

(Pedersen, 1978) and smectite (Pedersen et al., 2004). Characteristic of the Fur Formation are 

the interbedded volcanic ash layers (Fig. 6), which have historically been subdivided into a neg-

ative and a positive series (Bøggild, 1918). The negative ash series contains tholeiitic basalt, 
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crustally contaminated trachyte, rhyolite, alkaline basalt, trachybasalt, Ti-rich nephelinite, and 

phonolite (Larsen et al., 2003). The positive series is more homogeneous in composition and 

contains enriched tholeiitic ferrobasalt and two rhyolite layers (ash layers +13 and +19). The ash 

layers were numbered consecutively from -39 to +140 (Bøggild, 1918). Some thin ash layers dis-

covered later and not included in the original numbered sequence have assigned letters (a, b, c, 

d). Therefore, the total number of ash layers is about 200 (Larsen et al., 2003). The ash layers 

are normally graded and vary in thickness from about 1 mm to 19 cm (Larsen et al., 2003). Al-

though petrographic and geochemical analyses suggest different magma sources and four 

stages of volcanic evolution (Pedersen et al., 1975; Larsen et al., 2003), they, nevertheless, all 

originate from the North Atlantic Igneous Province (NAIP). 

Individual horizons bear concretions of mostly calcitic composition, also called ‘cement-

sten’ (Fig. 6 and Fig. 7). The calcite precipitated in the pore space within the diatomite or the ash 

layers. Most concretions are ellipsoidal in shape, and often reach a horizontal diameter of one 

metre. Sometimes concretions reach a thickness of half a metre and a lateral extension of several 

hundred metres. Pedersen und Buchardt (1996) described six stratigraphic levels where calcare-

ous concretions mostly occur: below ash layer -13, between ash layers -11 and +1, below ash 

layer +19, between ash layers +22 and +35, within ash layers +101 and +102, and below ash 

layer +135. Some concretions contain stellate glendonite, a calcitic pseudomorph after the min-

eral ikaite (Pedersen und Buchardt, 1996). Most of the glendonite crystals that were investigated 

in carbonate concretions stem from the diatomite pits Lynghøj and Ejerslev on Mors. In some 

horizons, glendonite also occurs without a surrounding concretion (Fig. 7 F). At the Fur Knudeklint 

coastal outcrop moulds of glendonite were detected (Fig. 8 A) in four different horizons (Tab. 3). 

Additionally, several silicified horizons consisting of opal-CT were found between ash 

layers -33 and -19 in several outcrops of the lowermost Fur Formation (Pedersen et al., 2011; 

Petersen, 2016). The lower boundary of the Fur Formation is exposed at the Stolleklint coastal 

outcrop and in the Mo-clay pit at Eskilshøj on Fur where the diatomite overlies the dark-grey, 

slightly calcareous, silty Stolle Klint Clay (Heilmann-Clausen et al., 1985; Willumsen, 2004). 

Pedersen and Surlyk (1983) placed the Stolle Klint Clay within the Fur Formation, but Heilmann-

Clausen et al. (1985) denoted the sediments between ash layers -39 and -34 as a separate litho-

logical unit. The upper boundary between Fur Formation and Breyning Formation is located at the 

coastal outcrop Silstrup at ash layer +140. 

The base of the Eocene is correlated with a negative carbon isotope excursion (CIE). An abrupt 

decrease in δ13Ccarb (Kennett and Stott, 1991) is considered to result from the rapid addition of 

>1500 gigatons of 13C depleted carbon, either as CO2 or CH4, into the hydrosphere and atmos-

phere (Dickens et al., 1995). This was the beginning of the PETM. The boundary between Palaeo-

cene and Eocene that marks the beginning of the PETM has been placed at the base of the Stolle 

Klint Clay (Schoon et al., 2013) and it has been dated at 55.93 m.a. (Westerhold et al., 2012) 

which, therefore, is also considered to be the age of the base of the Stolle Klint Clay. The most 

widespread and well recognizable volcanic ash layers -17 and +19 of the Fur Formation, found  
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Fig. 6: Lithostratigraphic column showing the different lithologies with ash layer numbering, struc-

tures, occurrences of carbonate concretions and glendonite, and age constraints. 



 

15 

 

State of the art 

 

Fig. 7: Photographs of different glendonite crystals situated within carbonate concretions. (A) 

Stellate glendonite of ash layer +62. (B) Stellate glendonite breaking apparently through ash 

layer +62. (C) Two bipyramidal glendonite crystals within concretion of ash layer +16a. The lami-

nation at lower edge is disturbed due to crystal growth. (D) Two bipyramidal glendonite crystals 

at ash layer +15. The lamination at the crystal edges is disturbed due to crystal growth. (E) 

Twinned glendonite +9b within concretion of ash layer +9. The ikaite stopped growing at the ash 

layer. (F) Part of bipyramidal proto-glendonite +14b that occurred at ash layer +14. Note that this 

glendonite has a high porosity because no protecting concretion existed. The white arrow indi-

cates the age pointing to younger sediments. 
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Fig. 8: (A) shows the localization of the glendonite hollow mould of ash layer +62 at Knudeklint out-

crop on Fur. (B) (former pit at Råkildevej on Fur) An example picture of the good correlation potential 

of volcanic ash layers. The numbers of certain well recognisable ash layers are given within white 

squares. 

all over northern Europe (Berggren, 1995), were subject to many radiometrical and cyclostrati-

graphical age determinations. Swisher and Knox (1991) and Wing et al. (1991) dated ash 

layer -17 at 54.5 to 55.0 m.a.. Chambers et al. (2003) used 40Ar/39Ar dating to calculate the age 

of ash layer -17 as 54.52 ± 0.05 m.a. and ash layer +19 as 54.05 ± 0.14 m.a.. Storey et al. (2007) 

estimated an age of 55.12 ± 0.12 m.a. for ash layer -17 via 40Ar/39Ar dating. Jones (pers. comm.) 

corrected the age of ash layer -17 to 55.6 ± 0.1 m.a. and the age of ash layer +19 to 55.0 ± 

0.2 m.a. based on their U-Pb data. Heilmann-Clausen (pers. comm.) placed the boundary be-

tween the Fur Formation and the overlying Breyning Formation at 54.6 m.a.. 

The Fur Formation contains well-preserved vertebrate, fish and insect fossils (e.g. Bonde, 

1966; Bonde et al., 2008; Bannikov and Tyler, 2008; etc.). Diatomite is mined for industrial use 

as raw material for insulation bricks and absorbing granulates (Pedersen, 2008). 
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2.3 Paleoenvironmental conditions within the Danish Basin 

The sediments of the Danish Basin – diatomite and subordinate clay 

Most sediments investigated in the Fur Formation are diatomite, clay, and volcanic ash 

layers. The diatomite is a white, fine-grained, porous sediment with a low average density of 

0.8 g cm-3 and a porosity of ca. 70% (Pedersen et al., 2011). The name “diatomite” indicates that 

this sediment is non-calcareous and composed of diatoms (ca. 65%; Pedersen, 1981; Pedersen, 

2008). These are 10 to 200 µm in size and ca. 90 diatom species are distinguished. Other micro-

fossils like radiolarians, silicoflagellates, ebridians, and dinoflagellates can also be identified in 

the diatomite, whereas calcareous microfossils are absent (Pedersen, 1981). Macrofossils are 

found, i.e. marine planktonic or nektonic organisms, land-derived fossils, and trace fossils made 

by invertebrates (Pedersen, 1981). Besides 60 to 70% diatoms, the diatomite contains 30 to 

40% clay minerals and fine volcanic ash particles (Pedersen, 1978; Pedersen et al., 2011). 

The diatomite appears in two different colours depending on the moisture. When dry and 

located above the groundwater level, the diatomite shows a white, light yellow-brown to greyish 

colour with brownish or pinkish shades (Pedersen and Buchardt, 1996; Pedersen, 2008; Peder-

sen et al., 2011). Thus, jarosite (KFe33+[(OH)6|(SO4)2]), a yellowish weathering mineral, is found in 

cracks, and other iron compounds are deposited in concentric rings (Pedersen et al., 2011). Di-

atomite located below the groundwater level displays a black colour with a pyrite content of 5 to 

8% (Pedersen, 2008; Pedersen et al., 2011). The boundary between weathered and unweathered 

diatomite is very pronounced and often situated at different height in various moler pits (Peder-

sen et al., 2011). 

Different time spans have been estimated for the deposition of the Fur Formation ranging 

from 60,000 years (Bonde, 1973; Pedersen et al., 1975; Bonde, 1979) to 3 million years 

(Sharma, 1969; Pedersen, 1981). More recently, Bonde et al. (2008) proposed a depositional 

time of 1 to 1.5 m.a. and 600,000 years for the deposition of the positive Silstrup Member, 

whereas Westerhold et al. (2009) calculated 300,000 years for the deposition of the same strati-

graphic unit. The Fur Formation consists of ca. 10% fine-grained ash layers (Bonde, 2008) that 

are thought to have settled very fast (Pedersen et al., 1975). As a consequence, two different 

sedimentation rates are discussed: a high rate for the ash layers (within a few days) and a slow 

deposition of diatom ooze resulting in a high porosity of the sediments and a metastable grain 

framework (Pedersen and Surlyk, 1977; Pedersen, 1981). The production rate of diatoms in the 

surface layers was very high, but only 3% of the diatoms were buried (Pedersen et al., 2011). 

According to Pedersen et al. (2011), the depositional rate was four times higher at the location 

where the Fur Formation was settled compared to the location of the contemporaneously deposit-

ed Ølst Formation. For instance, Beyer et al. (2001) proposed a deposition time of 1.1 million 

years for the Ølst Formation with an average accumulation rate of 13 mm/1000 years. In contrast, 

Heilmann-Clausen (pers. comm.) estimated rates ranging from 16 to 50 mm/1000 years for the 

Fur Formation. The Stolle Klint clay was deposited more slowly during 0.6 m.a., if compared to 

the depositional rates of the Fur Formation (Beyer et al., 2001; Heilmann-Clausen, pers. comm.). 
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Upwelling of nutrients and nutrients derived from volcanic events 

The high rate of diatom production was forced by widespread upwelling of nutrients in 

the Danish Basin during the Early Eocene due to offshore, southerly winds, which resulted in a 

rich planktonic life (Bonde, 1973; Larsson, 1975; Bonde, 1979; Pedersen et al., 2011). The 

upwelling area was parallel to the Scandinavian coast in a length of ca. 100 to 300 km (Bonde, 

1979, 1997; Pedersen et al., 2011). The production of diatoms was highest in the upwelling zone 

caused by a constant supply of nutrients from the cold, nutrient rich bottom waters of the Nor-

wegian Trench (Pedersen and Surlyk, 1983; Bonde, 1997). The diatom blooms were restricted to 

the upper water column, not deeper than 200 m water depth, where light was available for pho-

tosynthesis (Bonde, 1979; Pedersen et al., 2011). Additionally, Petersen (2016) suggested dif-

ferences in solar insolation paced by Milankovitch cycles forcing different developments of 

upwelling. Hence, a high solar insolation could strengthen offshore winds resulting in an in-

creased upwelling of cold, nutrient rich bottom waters (Yao et al., 2015). 

A volcanic nutrient source was not considered previously for the Fur Formation in relation 

to diatom blooming causing the deposition of the diatomite. Due to the fast dissolution of ions 

from the volcanic glass particles into the seawater, most of the ions were bound into the upper 

water column and solely few ions leached from ash layers after the deposition on the seafloor. 

Jones and Gislason (2008) found out that basaltic ashes lower the pH value by 3.5 during the 

first contact with water. Ions are expected to be released within 1.25 hours when the basaltic 

ash comes in contact with seawater at 25 °C. During their laboratory studies, the basaltic ash 

released 63.4 mol g-1 SO42-, 22.1 µmol g-1 Ca2+, 16.1 µmol g-1 Al, and 13.8 µmol g-1 Si when mixed 

with recent Atlantic seawater. Due to the release of ions within the upper water column, the bio-

logical activity is enhanced, but ecological stress could be favoured if the toxicity levels are 

breached (Smith and White, 1985; Kockum et al., 2006). Because of the increased biological 

activity, primary productivity and rain of organic carbon were favoured in areas where volcanic 

ash falls occurred. Consequently, fertilization by aeolian ash import is expected to be another 

important factor causing the blooming of algae (diatoms, radiolarian, ebridians, etc.). 

Characteristics of the Danish Basin 

Due to the fact that most of the diatomite was deposited in fine horizontal laminae with-

out bigger disruptions, the water depth had to be below storm wave base with minimal bottom 

current activity (Andersen, 1948; Knox and Harland, 1979; Pedersen, 1981; Pedersen and Sur-

lyk, 1983; Heilmann-Clausen et al., 1985; Pedersen et al., 2011). Only few slump structures have 

been observed between ash layers -17 and -14 and Pedersen and Surlyk (1983) denoted that 

these small-scale structures were caused by weak bottom currents a short time after deposition. 

Because of the absence of larger slump structures, Pedersen (1981) proposed the bottom topo-

graphy of the basin to have been smooth. 

Various authors suggested a moderate depth for the Danish Basin of 200 to 500 m based 

on the fish fauna (Bonde, 1966; Pedersen et al., 1975; Pedersen, 1981; Bonde, 1997; Heilmann-
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Clausen, 2006; Heilmann-Clausen and Rasmussen, 2010; Pedersen et al., 2011; Herold et al., 

2014; Bourdon et al., 2016). In contrast, Schmitz et al. (1996) proposed a depth of 600 to 

1000 m for the basin that would agree with deep-water deposition (Collins et al., 2005) and a 

deep shelf depositional environment (Heilmann-Clausen et al., 1985). 

Andersen (1948) was the first to propose that the Danish Basin was a part of the North 

Sea Basin. Knox and Harland (1979) pronounced a restricted sea based on the fossil assemblage 

of diatoms, dinoflagellates, silicoflagellates, and fishes. The Danish subbasin was part of an ex-

tensive shelf flanking the Central Graben of the North Sea (Ziegler, 1975). Unlike Pedersen 

(1981) who concluded that the Fur Formation was deposited relatively close to the land area, 

many other authors proposed that the Fur Formation was deposited in a distance between 100 

to 200 km to the nearest coast in northern direction (Bonde, 1966; Bonde, 1979; Fenner, 1994; 

Bonde, 2008; Knox et al., 2010; Pedersen et al., 2011; Bourdon et al., 2016). Early Eocene coast-

lines for the Danish Basin are known from England, Holland, and Northern Germany (Bonde, 

1979; Pedersen et al., 2011), but the nearest coast was located in the SW of Scandinavia. The 

location of this coast was difficult to determine due to the fact that sediments were eroded there 

during subsequent uplifting (Pedersen et al., 2011). 

Pedersen and Buchardt (1996) declared the Danish Basin and the North Sea to be re-

stricted marine basins with deep-water masses, but without any connection to the Atlantic 

Ocean. In contrast, Schmitz et al. (1996) proposed a water exchange with the open ocean based 

on oxygen isotope data. Thus, they regarded the North Sea as a semi-enclosed basin with re-

stricted contact to the open ocean in the NW. 

The semi-enclosed basin received fossil and sediment material by riverine input (Ander-

sen, 1948), mostly from the SW coast of Scandinavia (Larsson, 1975). A minor contribution was 

caused by river inflow from other terrains surrounding the Danish and the North Sea Basin 

(Pedersen et al., 2004). Clay minerals from weathered volcanic ashes and wood fragments from 

mangrove swamps that were located not far away from the coast were transported into both ba-

sins (Collins et al., 2005; Pedersen et al., 2011). Additionally, ash particles and winged insects 

were brought into the Danish Basin by northern winds (Larsson, 1975; Bonde, 1979; Archibald 

and Makarkin, 2006; Bonde et al., 2008) and they were deposited within the sediments of the 

Fur Formation. In the North Sea region, the landscape of the Early Eocene was rich in stagnant 

and slowly flowing waters with meadows, low moving streams, and the low vegetation of a 

steppe (Larsson, 1975). Based on floral and faunal components observed in the sediments of 

the Fur Formation, Vedding-Kristoffersen (1999) concluded that large parts of the surrounding 

land was covered by forests. 

Marine fish and silicoflagellate species point to an overall marine environment (Heil-

mann-Clausen et al., 1985). According to Schoon et al. (2015), the Stolle Klint clay was deposited 

below storm wave base, probably in outer neritic water depths between 100 and 200 m. While 

the North Sea Basin shrank during this time, the coasts moved forward (Petersen, 2016). Beyer 
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et al. (2001) described the formation of the Stolle Klint clay in a marine environment with re-

stricted circulation. Bonde (1997) denoted that the lowest sea level below ash layer -33 was a 

trigger for a restricted water circulation in the bottom water and a lowered salinity in the surface 

waters. Due to the finding of marine fish, Pedersen et al. (2011) concluded a water deepening 

during the deposition of the lower part of the Knudeklint Member (between ash layers -33 

and -19b), where the Apectodinium decreased in frequency and the diatom blooms increased 

rapidly. This sea level rise resulted in better links with the North Atlantic Ocean during the for-

mation of the Fur Formation, and many marine, pelagic fish groups entered the Danish and the 

North Sea Basin (Bonde, 1997; Pedersen et al., 2011). 
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3 Materials and methods 

3.1 Materials 

3.1.1 Glendonite samples and their surrounding carbonate concretions 

Samples used in this study were collected over the years by the Moler Museet Mors and 

the Fur Museum, as well as during fieldwork in 2014. In total, 12 glendonite and 7 concretions 

containing glendonite were investigated. 2 glendonites studied were found without surrounding 

concretions and 10 within carbonate concretions. All of the analysed glendonite samples stem 

from the diatomite pits Lynghøj and Ejerslev on Mors. 

These two glendonite without surrounding carbonate concretions are so called “proto-

glendonites” after Teichert and Luppold (2013) due to their mineralogical properties. In 2014, 

four additional glendonite moulds were discovered at the Knudeklint outcrop at ash layers +44, 

+50, +55, and +62 on the Fur island (Tab. 3). As only moulds were found, no sample material 

could be obtained. In total, six glendonites without protecting carbonate concretions were inves-

tigated. 

For bulk analyses 11 glendonite and 7 carbonate concretions surrounding glendonite 

were pulverised, while 189 samples from glendonite and 60 samples from concretions were mi-

crodrilled with a handheld drilling device (see chapter 3.2.1). The glendonite of the concretion 

above ash layer +62 (named “+62a”) was not pulverised. Consequently, only microdrilled sub-

samples of this sample were investigated. 

Tab. 3: Overview of glendonite samples and their localization within the Fur Formation. 
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3.1.2 Carbonate concretions and volcanic ashes of the Fur Formation 

46 carbonate concretion samples recovered from 36 individual carbonate cemented hori-

zons were analysed for their petrography and geochemical parameters (Tab. 4). 

Tab. 4: Overview of analysed concretions and their localization within the Fur Formation. 

 

Due to the fact that the cemented horizons are not equally distributed over the entire 

profile, several diatomite samples were investigated for their total carbon (TC), total sulphur (TS), 

carbonate concentration (CaCO3), organic carbon concentration (Corg), organic carbon isotopic 

composition (δ13Corg), and carbon-nitrogen ratio (C/N). 
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Tab. 5: Overview of diatom samples measured for the geochemical 

profiles and their localization within the Fur Formation. 

 

In addition, four uncemented ash layers were analysed for their 87Sr/86Sr signal. The 

ashes were taken from the ash layers -12, +19, +55, and +79. All ash samples stem from the 

island of Fur. 

 

3.1.3 Diatom samples and glendonite samples for temperature estimates 

During the field expedition in 2014, 98 diatomite samples were collected in order to 

measure the oxygen isotope composition of diatom frustules (δ18Odiatom). From these, 41 samples 

were prepared. Finally, 15 pure diatom samples were subjected to oxygen isotope measurements 

(Tab. 6), because the other 26 samples were not clean enough for δ18Odiatom measurements. 

For clumped isotope analyses (Δ47), 10 samples of the glendonites of the Fur Formation 

were prepared. From these, replacive calcite, i.e. the first cement generation after the ikaite 

breakdown, was drilled with a 0.8 mm micro twist drill. Two of the 10 drilled samples were weath-

ered, eight were pure replacive calcite samples (Tab. 7). 

For comparison, clumped isotope data were also determined for the glendonites of the 

Simeulue Seep in the forarc off Sumatra (Fig. 9). The glendonites stem from two layers of bore-

hole 131 SL in 322 and 342 centimetres below seafloor (cmbsf). 4 samples of the Sumatra glen-

donite were prepared for the measurement of clumped isotopes (Tab. 7). 
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Tab. 6: Overview of the diatom samples prepared for δ18Odiatom 

analyses of diatom frustules and their localization within the Fur 

Formation. 

 



 

25 

 

Materials and methods 

 

Fig. 9: The location of the bore hole 131 SL of the R/V Sonne cruise SO139 Leg 2 that was exe-

cuted in autumn 2006 (latitude: 2°33,780 N; longitude: 96°45,429 E; water depth: 1134 m; core 

length: 367 cm) (after Wiedicke-Hombach et al. (2006)). 

 

Tab. 7: Overview of samples prepared for clumped isotope measurements and their lo-

cations. 
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3.2 Methods 

3.2.1 Sample preparation 

For bulk analyses, 50 to 150 g of glendonite, concretion, volcanic ash, and diatomite was 

pulverised using a ring and puck mill. In addition, samples from glendonite and from concretions 

were microdrilled using a handheld drilling device (Proxxon MicroMot 50/E) equipped with a 

2.3 mm carbide drill. Profiles were drilled across the glendonite and concretions. Three of four 

different cement phases within the glendonite were separated using a 0.8 mm micro twist drill 

driven by a Proxxon MicroMot 50/E under the microscope. From 8 glendonite samples, it was 

possible to obtain separate cement samples. One cement phase (secondary rim cement) was not 

sampled using the micro drill, because the secondary rim cement is very thin, and it was not 

possible to extract a pure sample with 100% material of this phase. 

Thin sections of glendonite, carbonate concretions, and diatomite were prepared for pet-

rographic investigations using light microscopy, a scanning electron microscope (SEM), and 

electron microprobe. 

 

3.2.2 X-ray diffraction 

Bulk powder samples from glendonite, carbonate concretions, diatomite, and a clay sam-

ple were analysed via X-ray diffraction (XRD) using randomly oriented samples fixed on the rotary 

table of a Phillips X´Pert powder diffractometer (Institut für Mineralogie, Münster). CuKα radia-

tion was used with runs from 20° to 60° 2θ, a scan speed of 813.015 s per step with a step size 

of 0.0144326 °2θ at 45 kV, and 40 mA within a position-sensitive detector setup for glendonite 

and carbonate concretions (n=57). Mineral phases < 5 wt% cannot be identified with this 

method. A quartz standard was added to the samples to measure the shift of the d(104) calcite 

peak and to calculate the Mg content of the carbonates after Lumsden (1979). 

For 3 diatomite samples, one silicified sample, and one clay sample, XRD runs were ob-

tained from 0° to 90° with no quartz standard added. In this way, it was possible to obtain the 

mineralogical composition of these samples. 

 

3.2.3 Electron microprobe analyses 

Petrographic studies of glendonite samples and concretions were carried out on polished 

thin sections. The thin sections of glendonite (carbon coated) were further used for electron mi-

croprobe analyses to quantify major and trace elements (Ca, Mg, Ba, Mn, Fe, and Sr) as well as 

to study the different cement generations in detail. A JEOL 8900 and a JEOL JXA 8350F electron 

microprobe (acceleration voltage: 15 kV; current: 20 nA; spot size: 5 nm) were used at the Insti-

tut für Mineralogie, Münster. Back-scatter electron pictures were taken with a JEOL JSM-6610 

SEM. 
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Additionally, volcanic ash layers containing the glendonites of +9b and +62b were ana-

lysed with a JEOL 8900 microprobe (acceleration voltage: 15 kV; current: 5 nA; spot size: 10 nm). 

The following major and trace elements were measured during this analysis: Na, Al, K, Cr, Mg, Si, 

Ca, Mn, Ti, and Fe. 

 

3.2.4 Carbonate oxygen and carbon isotopes (δ18Ocarb and δ13Ccarb) 

Carbonate oxygen and carbon isotopes (δ18Ocarb and δ13Ccarb) of glendonite and carbonate 

concretions were measured using a Gasbench II coupled to a ThermoFinnigan Delta Plus XL mass 

spectrometer (Institut für Geologie und Paläontologie, Münster). 200 to 300 µg of powder were 

reacted with 105% phosphoric acid (H3PO4) (cf. Wachter and Hayes, 1985) at a temperature of 

70 °C. Analytical performance was monitored with three standards (NBS19, IAEA CO-1, and IAEA 

CO-8) and their reproducibility was better than ± 0.15‰ for δ18O and ± 0.13‰ for δ13C. All values 

are given in the standard δ-notation in per mil (‰) relative to the Vienna-Peedee Belemnite 

Standard (V-PDB). Whenever possible, all samples and standards were measured as duplicates. 

The analytical precision was better than ± 0.37‰ for δ13C and ± 0.20‰ for δ18O for glendonite. 

The precision was better than ± 0.13‰ for δ13C and ± 0.20‰ for δ18O for carbonate concretions. 

The reason for larger errors between samples and standards is the better homogeneity of the 

standard material compared to the samples analysed. 

 

3.2.5 Apatite concentration within glendonites (PO43-) 

Apatite concentrations (PO43-) in glendonite were determined via X-ray fluorescence (XRF) 

at the Institut für Mineralogie, Münster. The samples were prepared as melt pellets: 4 g of lithium 

tetraborate and 0.5 g sample were placed inside a melting pot and were prepared in an Eagon 2 

Oven. A PANalytical Epsilon3-XL EDXRF was used with the international standards for basalt 

(BCR-2, BE-N, BHVO-2), andesite (AGV-2, JA-1), limestone (JLS-1, KH, VB-K2), and granite (G A, 

SARM-1). The precision of the samples did not exceed 0.01 wt%. For the analyses of the P2O5 

content, detector 3, sequence 5, Kα line, and 50 kV voltage were used for 600 s. For the analyses 

of XRF, the loss of ignition (LOI) was determined after heating the sample at 1050 °C for 3 h. 

 

3.2.6 Total carbon (TC), total sulphur (TS), and total inorganic carbon (TIC) 

The total carbon (TC), total sulphur (TS), and total inorganic carbon (TIC) of all bulk sam-

ples (glendonite, carbonate concretions and several diatomite samples) were measured with a 

Ströhlein Instrument CS-MAT 5500 Elemental Analyzer either via combustion in an oxygen 

stream (TC, TS) or via reaction with hydrochloric acid (HCl) at 70 °C (TIC). Pure CaCO3 (MERCK) 

and NIST 2692b Bituminous coal were used as standard materials yielding a reproducibility of 

± 0.14% (TC), ± 0.30% (TIC), and ± 0.13% (TS), respectively. The precision of samples analysed 
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as duplicates was better than ± 0.18, ± 0.20, and ± 0.55% for TC, TS, and TIC, respectively. The 

TIC values were converted into carbonate content (CaCO3). 

3.2.7 Concentration of total organic carbon (TOC) and C/N ratio 

Total organic carbon (TOC) and total nitrogen (TN) were analysed for decarbonated sam-

ples using an Eurovector/Hekatech EA 3000 elemental analyzator at the Institut für Land-

schaftsökologie, Münster. For this, two glendonite samples (+62b and +9b), all carbonate con-

cretion samples, and several diatomite samples (Tab. 4 and Tab. 5) were decarbonated using 1 g 

of sample material. After placing 1 g sample in a 60 mL Falcon tube, all samples were reacted 

with 10% HCl in a 40 °C warm water bath for approximately 12 h. After complete decarbonation, 

each sample was washed 5 times with deionised water. After drying for ca. 2 days at 40 °C, the 

carbonate content was determined by weight difference. 

15 to 30 mg of decarbonated sample material was placed into tin capsules and measured 

with the elemental analyzator. Every fifth sample was measured as duplicate to verify the meas-

ured data. The reproducibility of the Acetanilide standard (C8H9NO; CE Instruments P/N 338 

44012) was 1.01 for TOC and 0.18 for TN. The standard deviation within samples was better than 

± 0.07 for TOC and ± 0.01 for TN. TOC and TN were normalised using their molar masses and the 

C/N ratio was calculated. The reproducibility was better than ± 0.15 for the acetanilide standard 

(n=33) and better than ± 0.26 for the samples, respectively. 

 

3.2.8 Organic carbon isotopes (δ13Corg) 

39 carbonate concretions and 10 diatomite samples were measured for their organic car-

bon isotopic composition (δ13Corg) via sealed tube combustion (cf. Strauss et al., 1992). For this, 

15 to a maximum of 500 mg of decarbonated sample material was weighed into a 9 mm diameter 

quartz tube. The samples were sealed into the glass tube under vacuum with 1 g of copper oxide 

(CuO). After mixing the sample powder and CuO, the glass tube was placed into a muffle furnace 

at 500 °C for 2 h and at 850 °C for 5 h. At a vacuum line, the liberated CO2 was purified by cryo-

genic distillation and its CO2 concentration was volumetrically measured before it was trapped 

into a 6 mm diameter pyrex tube, from which it was later released into the mass spectrometer. 

The carbon isotopic composition was analysed using a ThermoFinnigan MAT Delta Plus 

mass spectrometer. The international standard USGS 24 and the internal lab standard MSLSK-1 

were measured for quality control and the reproducibility was better than ± 0.04 (n=13). The re-

producibility of all samples was better than ± 0.09, when measured as duplicates or triplicates. 
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3.2.9 Strontium (87Sr/86Sr) and calcium (δ44/40Ca) isotopes 

Strontium (87Sr/86Sr) and calcium (δ44/40Ca) isotopes were measured from drilled car-

bonate samples (glendonite and carbonate concretions) and from bulk samples of distinct vol-

canic ash layers via thermal ionisation mass spectrometry (TIMS) using a Thermo-Finnigan TRI-

TON TI at the Institut für Mineralogie, Münster. Powdered carbonate samples were dissolved in 

1 N acetic acid, evaporated and redissolved in 3 N nitric acid (HNO3). As described in Teichert et 

al. (2005), strontium separation was carried out using a 100 µl column chemistry with Sr Resin 

(EICHROM). Sr isotopes are normalised to the NBS 987 standard with a 87Sr/86Sr ratio of 0.71025. 

A mean value of 0.71023 (2σ mean of 0.000012, n=29) for repeated measurements of NBS 987 

was obtained over the course of this study. All isotope ratios were normalised to a 86Sr/88Sr ratio 

of 0.1194. 

For Ca isotope analyses, drilled glendonite cements were dissolved in 1 N acetic acid. 

Samples were mixed with a 42Ca-43Ca doublespike (Gussone et al., 2011) to correct for isotope 

fractionation during ion chromatography and data acquisition in the mass spectrometer. The Ca 

of the samples was isolated using a 100 µl column and HCl-chemistry with MCI Gel CK08P, 

75-100 µm (modified after Teichert et al., 2009). About 300 ng Ca were loaded on outgassed 

rhenium-single filaments with a tantalum activator in sandwich technique. Fractionation correc-

tion was carried out using the exponential law as described by Heuser et al. (2002). Data reduc-

tion is based on the iterative approach of Compston and Oversby (1969). Blanks were usually 

below 1% of total Ca used for Ca-chemistry and never exceeded 3%. The Ca isotope values are 

expressed as δ44/40Ca values (δ44/40Ca [‰SRM915a] = ((44Ca/40Ca)sample/(44Ca/40Ca)standard − 1) x 

1000) relative to SRM915a from the National Institute of Standards and Technology. The 

2σ standard deviation was 0.08‰ for replicate measurements. 

 

3.2.10 Sulphur (δ34SCAS) and oxygen (δ18OCAS) isotopes of CAS and WSS 

Carbonate-associated sulphate (CAS) was extracted from glendonite and carbonate con-

cretions and measured for its sulphur (δ34S) and oxygen (δ18O) isotopes (cf. Wotte et al., 2012). 

About 30 g of powdered sample material was washed repeatedly with a 10% sodium chloride 

(NaCl) solution under constant stirring for 24 h until no more water soluble sulphate (WSS) was 

released. Each time, 10% barium-chloride solution (BaCl2; 10% of the solution volume) was 

added to precipitate the dissolved sulphate. Barium sulphate (BaSO4) precipitates were filtered 

off and dried at 40 °C overnight. Subsequently, carbonate was dissolved with 3 M HCl and the 

CAS was precipitated as BaSO4, too. The concentration of the CAS was calculated using the 

weight of the BaSO4 precipitate and the initial weight of the sample material. 

Around 200 µg of each BaSO4 precipitate was placed into tin capsules for δ34S measure-

ments (together with 300 – 600 µg vanadium pentoxide; V2O5) and into silver capsules for δ18O 

measurements. δ34S isotopic composition was measured with an Elemental Analyzator con-
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nected to a ThermoFinnigan Delta Plus mass spectrometer and results are reported in the δ-no-

tation as per mil difference from the Vienna-Canyon Diablo Troilite (V-CDT) standard. For quality 

control, international standards IAEA-S-1, IAEA-S-2, IAEA-S-3, and internal lab standards (Ag2S 

and CdS) were analysed. Based on duplicate measurements, the standard deviation was usually 

better than ± 0.30‰ for standards and ± 0.35‰ for samples. δ18O values were determined using 

a high temperature reduction furnace (TC-EA) coupled to a ThermoFinnigan Delta Plus XL mass 

spectrometer and results are reported in the δ-notation as per mil difference from the Vienna-

Standard Mean Ocean Water (V-SMOW) standard. A BaSO4 lab standard as well as international 

reference materials NBS-127, IAEA SO-5, and IAEA SO-6 were measured for their δ18O isotopic 

composition. The standard deviation for δ18O was better than ± 0.65‰ V-SMOW for almost all 

measurements. 

 

3.2.11 Biomarker analyses 

Biomarker analyses were performed in the Department for Geodynamics and Sedimen-

tology, University of Vienna. 150 to 300 g of sample yielded sufficient biomarkers for two glen-

donite samples and three carbonate concretions in the residue after dissolution of ca. 80% of 

the carbonate matrix with 10% HCl (cf. Birgel et al., 2006). Two diatomite samples (30 – 40 g) 

were powdered within an agate mortar to measure their biomarker composition as well. 

Following Birgel et al. (2014), biomarkers were extracted 3 x with a CEM Discover micro-

wave extraction system at 80 °C and maximum 250 W for 15 min with dichloro-

methane(DCM):methanol (MeOH) (3:1). These extracts were acidified with 10% HCl to pH 1 to 

remove the free fatty acids (FAs) to the organic solvent phase. The extract was cleaned previously 

by separation into n-hexane soluble and DCM soluble fractions prior to the gas chromatography 

(GC) analysis. Following Birgel et al. (2008), the n-hexane soluble fraction was separated via 

column chromatography into four fractions of increasing polarity: hydrocarbons (4 mL n-hexane), 

ketones/esters (6 mL n-hexane:DCM (3:1, v/v)), alcohols (7 mL DCM:acetone (9:1, v/v)), and car-

boxylic acids (8 mL 2% formic acid in DCM). Alcohols were bound by adding 100 µL pyridine and 

100 µL N,O-bis(trimethylsilyl)trifluoracetamide (BSTFA) to the alcohol fraction at 70 °C for 

30 min. The derivatised alcohol fraction was nitrogen dried and dissolved in n-hexane before it 

was injected. Carboxylic acids were separated via 1 mL 14% boron trifluoride (BF3) in MeOH at 

70 °C for 1 h to form FA methyl esters. After cooling, the mixture was extracted 4 x with 2 mL n-

hexane. 

The separated fractions of alcohols, fatty acids, and hydrocarbons were measured via GC-

mass spectrometry with an Agilent 7890 A GC system coupled to an Agilent 5975C inert MSD 

mass spectrometer. The concentration of the individual compounds was determined via GC-

flame ionization detection (GC-FID) with an Agilent 7820 A GC system. A Rxi-5 ms fused silica 

column (30 m x 0.25 mm, 0.25 µm film thickness) was mount for the GC systems (Hoffmann-Sell 

et al., 2011). The GC was flushed with He as carrier gas and the used GC temperature programme 

for all fractions was 60 °C for 1 min to 150 °C at a velocity of 10 °C/min. When 150 °C were 
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reached, the temperature was increased by 4 °C/min until 320 °C were reached. This tempera-

ture was maintained for 27 min for hydrocarbons and 37.5 min for alcohols. Compounds were 

identified comparing the measured GC retention times and mass spectra with published data 

and reference compounds. For the measurements of hydrocarbons, the standard 5-alpha-cho-

lestane was added, for fatty acids 2-methyl-octadecane acid and for alcohols 1-nonadecanol. 

Compound-specific carbon isotope analyses were performed in duplets of a sample via Thermo 

Fisher Trace GC Ultra connected to a Thermo Fisher Delta V Advantage mass spectrometer via 

Thermo Fisher GC Isolink interface. The same gas chromatography was used as for those of com-

pound identification (Kiel et al., 2013). A mixture of n-alkanes (C14 to C38) with a known isotopic 

composition was used to monitor the instrument precision. 

 

3.2.12 Oxygen isotopes of diatom frustules (δ18Odiatom) 

41 diatomite samples were prepared for the δ18Odiatom analyses performed at the Institute 

of Earth Surface Dynamics (IDYST), University of Lausanne. Initially, 5 to 10 g of sample was pow-

dered in an agate mortar. Subsequently, the powder was reacted with 10% HCl and 10% hydro-

gen peroxide (H2O2) to dissolve carbonates and organic compounds. For 12 h, the samples and 

reactants were placed in a 40 °C warm ultrasonic bath for a better reaction. A 5% tetra-sodium 

diphosphate decahydrate solution (Na4O7P2*10H2O) was added to disaggregate the sediment 

(Hatte et al., 2008) and the sample was heated with 100 °C for ca. 30 min. After cooling and 

settling, the samples were sieved with 80, 40, and 10 µm mesh size sieves and the fraction be-

tween 10 and 40 µm was kept. The settling method after Morley et al. (2004) was performed to 

separate diatoms from other heavier particles via centrifugation. Heavy liquid separation was 

applied using 3 to 5 mL sodium polytungstate (3Na2WO4*9WO3*H2O). Subsequently, both frac-

tions were washed several times with deionised water and the weight of the purified sample was 

determined. Residues were categorised into different purities based on the colour of their pow-

der after preparation. After an additionally executed point counting, only clean white samples 

(Fig. 10 E and F) were processed. 

Light microscopy and secondary electron imaging (JEOL JSM 6610; Institut für Mineralo-

gie, Münster; see chapter 3.2.3) were applied to evaluate the purity of the diatom samples and 

to quantify the different diatom species. For this, a point counter was connected to a Leica DMRX 

light microscope. Finally, 15 diatom samples were clean enough for subsequent oxygen isotope 

analyses. 

For these 15 samples, the concentration of all SiO2 fossils range between 94.3 and 

100.0% with the lowest value for sample “Kn+87_2” (ash layer +87) and the highest value for 

samples “Kn+42_1” (ash layer +42), “Ra u. +16” and “Ej+14_2” (both stem from the diatomite 

horizon between ash layers +14 and +16; Tab. 8). “Ra-12_1” at ash layer -12 bears the highest 

diatom concentration with 95.3%, whereas sample “St o. -33” which is located a few cm above 

ash layer -33 contains the smallest amount of diatoms with 58.3%. Consequently, sample “St 
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o. -33” contains the biggest percentage of other SiO2 fossils (ebridians, radiolarian, silicoflagel-

lates, etc.) with a proportion of 39.3% in order to obtain a high SiO2-fossil concentration of > 95%. 

Tab. 8: Overview of the composition of the diatom samples after point counting. 

 

The concentration of minerals is an average of 1.7%, whereas the highest abundance was 

estimated for sample “Kn+87_2” with 5.7%. 

Tab. 9: Summary of different diatom species found within the diatom samples. 

 

Point counting analyses revealed different distributions of diatom species within each 

diatom sample. The main diatom species found within the diatom samples are Coscinodiscus, 

Hemiaulus, and Pseudostictodiscus with minor contribution of Trinacria, Rhizosolenia, Ptero-

theca, and Omphalotheca. There are no trends visible across the profile according to the distri-

bution of diatom species. Even in samples of the same height (“Kn+14_2”, “Ra u. +16”, and 

“Ej+14_2”) between ash layers +14 and +16, the diatom species assemblage differs. These three 

samples were collected at three different sites on the islands of Mors (Ej = Ejerslev pit) and Fur 
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(Ra = Råkilde pit; Kn = Knudeklint coast). Each diatom species exhibits a certain vital effect af-

fecting the oxygen isotopic composition of its frustule, i.e. living environment, light intensity, 

nutrients and the growth during different seasons (Shemesh et al., 1995; Swann and Leng, 

2009). Hence, the distribution of species was taken into account. 

 

Fig. 10: SEM images of diatom samples in different preparation stages. (A) Overview of sam-

ple Kn2+104_1 after the settling step after Morley et al. (2004). (B) Same sample like in (A), 

but more in detail and after the 4th step of the preparation (SPT separation). There are still 

some clay minerals left lying on the diatoms or occurring within the diatoms. (C) An agglomer-

ate of sample Ra u. +16 containing clay minerals, diatoms, and other SiO2-frustules. (D) An 

agglomerate of sample Si+123_2 exhibiting the same properties as the agglomerate in pic-

ture (C). These agglomerates were broken using of a sodium diphosphate decahydrate solu-

tion. (E) Overview of the cleaned sample Ej+14_2. Diatoms and other SiO2 fossils (silicoflagel-

lates, ebridians, and sponge spiculae) can be seen on this image. (F) Overview of the clean 

sample St-17_6 with diatoms, silicoflagellates, and ebridians. 



  

34 

 

Chapter 3 

The oxygen isotopic composition (16O, 18O) in 15 samples was measured according to 

Vennemann et al. (2001). Between 0.5 to 2 mg of biogenic silica was mixed with pure optical 

grade BaF2, loaded onto a small Pt-sample holder and pumped out to a vacuum of about 

10-6 mbar. After prefluorination of the sample chamber overnight, the samples were heated with 

a CO2-laser in 50 mbars of pure F2. Excess F2 was separated from the O2 produced by conversion 

to Cl2 using potassium chloride (KCl) held at 150 °C. The extracted O2 is collected on a molecular 

sieve (5A) and subsequently expanded into the inlet of a Finnigan MAT 253 isotope ratio mass 

spectrometer. Oxygen isotopic compositions are given in the standard -notation, expressed rel-

ative to Vienna-Standard Mean Ocean Water (V-SMOW) in permil (‰). Replicate oxygen isotope 

analyses of the standard used (LS-1 quartz; n=6) had an average precision of ± 0.15‰. The ac-

curacy of 18O values was better than 0.2‰ compared to accepted 18O values for NBS-28 of 

+9.64‰. 

 

3.2.13 Clumped isotopes of replacive calcite (Δ47) 

The microdrilled glendonite samples of the Fur Formation were pure and homogenised 

enough for the measurement of Δ47 (Fig. 11). The Sumatra glendonites were hosted within a 

clayey sediment and cleaned using deionised water to which ammonia water (NH4OH) was added 

to reach a pH value of 7 to prevent the calcite from dissolution. Water was squeezed onto the 

glendonite bearing samples for cleaning. After ca. 2 min in ultrasonic bath, the water was re-

moved from the sample with pipettes after 30 s of sample settling. This was repeated until the 

sample was clean enough (cf. Barker et al., 2003). Additionally, ethanol was tried for further clay 

removal. 

Two replacive calcite samples were picked for the glendonite of the Simeulue Seep off 

Sumatra: yellow and white replacive calcite. Microprobe investigations revealed two different rim 

cements for the edges of the replacive calcite. The rim cement of the yellowish replacive calcite 

(A) appears thicker than the rim cement of the whitish replacive calcite (B) (Fig. 11). In addition 

to the size of the rim cement, the rim cement of the yellowish replacive calcite shows 3.2 mol% 

MgCO3, while the MgCO3 concentration within the rim cement of the whitish replacive calcite is 

merely 1.7 mol%. Consequently, the sample of the whitish replacive calcite was chosen for Δ47 

analyses, because it appears more homogenous. 

The whitish replacive calcite of Sumatra (working name: A_2a) and the replacive calcite 

of the glendonites of ash layer +16 (working name: +16) and of ash layer +62 (working name: 

+62c) (see Tab. 7) were selected for clumped isotope analyses. The glendonite of ash layer +16 

was chosen, because three diatomite samples of nearly the same horizon were processed for 

δ18O measurements. The glendonite of ash layer +62 represents the uppermost glendonite-bear-

ing horizon observed within the Fur Formation and an additional analysis of a glendonite should 

clarify the predominant sedimentary column temperature of the Early Eocene. 
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Preparation for clumped isotope measurements followed the method described by 

Wacker et al. (2013). Briefly, 4 to 8 mg of carbonate powder was filled into silver capsulus and 

dropped in a common acid bath with 105 to 106 wt% H3PO4 (cf. Wachter and Hayes, 1985) at 

90 °C for 30 min. The evolved CO2 was frozen in liquid nitrogen (LN2) for 20 to 30 min. After a 

cryogenic cleaning step, the CO2 concentration was determined manometrically. The CO2 was 

passed through a GC column to remove traces of hydrocarbons and it was frozen for 30 min in 

LN2. 

The CO2 was measured against an Oztech reference gas using a dual inlet system on a 

Thermo Scientific MAT 253 mass spectrometer at the Institut für Geowissenschaften, Frank-

furt/Main. All clumped isotope data (Δ47) were corrected with a fractionation factor Δ47*25-90 of 

+0.069‰ (Guo et al., 2009). The raw data were corrected using equilibrated gases and the back-

ground correction was exceeded scaling the m/z 47 background to the intensity of the m/z 49 

signal (Fiebig et al., 2016). The analytical performance was monitored with two standards: inter-

national NBS-19 (Carrara limestone) and the well-homogenised shell material of an aragonitic 

cold-water bivalve (Arctica islandica) as internal standard (Wacker et al., 2014). 

 

Fig. 11: Back-scatter electron images of the samples for the clumped isotope analyses. (A) 

Yellowish replacive calcite of the Simeulue Seep glendonite. (B) Whitish replacive calcite of 

the Simeulue Seep glendonite. (C) Replacive calcite of glendonite +9b from ash layer +9. (D) 

Replacive calcite of glendonite +62b from ash layer +62. The dotted line envelopes the crys-

tal of the replacive calcite. 
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4 Results 

4.1 Glendonite of the Fur Formation 

4.1.1 Macroscopic textures 

Glendonite 

Glendonites appear as bipyramids (blades), twinned, and stellate pseudomorphs 

within carbonate concretions. Cross sections show rhombic prisms with bipyramidal termina-

tions. The bipyramidal terminations occur in every glendonite, even in twinned and stellate 

specimens. The crystal surfaces are smooth, but bear ridges and grooves in irregular intervals. 

The contact of the monoclinic precursor mineral ikaite with the surrounding sedimentary ma-

trix is sharp. The colour is beige to light brownish if the glendonites are surrounded by car-

bonate concretions. Glendonite without a protecting carbonate concretion appears reddish to 

brownish with loose calcite crystals. These loose calcite crystals appear tabular and are also 

found in glendonite that is surrounded by a carbonate concretion. The glendonite crystals 

studied here are between 10 and 25 cm high and ca. 50 cm in diameter. The glendonite spec-

imens without surrounding concretions are bipyramidal and only 10 cm in length. Two obser-

vations are made: (i) the precursor ikaite stopped growing upward when reaching a specific 

ash layer (Fig. 7 E) and (ii) the ikaite was able to grow into the ash layer (Fig. 7 B). Moreover, 

ikaite often grew displacively into the sediment forming small-scale perturbations within the 

horizontally settled and often laminated diatomite (Fig. 7 C and D). 

Concretions surrounding glendonite 

The carbonate concretions are usually between 15 and 80 cm thick with a diameter up 

to 1 m, but distinct horizons are almost completely cemented. Only one glendonite bearing 

concretion stems from one of these cemented horizons (ash layer +62). Usually, the concre-

tions appear bright grey, brownish to dark grey and the shape is ellipsoidal. The ash layers 

are dark grey to black traced horizontally into the carbonate concretions. Most of the concre-

tions investigated containing glendonite were derived from ash layer +62 (n=3), others were 

found at ash layers +9, +10, +15, and +16. 

Glendonite is generally located in carbonate concretions below the particular ash 

layer. The glendonite containing concretions exhibit a diameter between 30 and 35 cm and a 

thickness of 19 cm (+15a and +62b) and 35 cm (+9b, +10b, and +16a). The concretions of ash 

layers +9, +10, and +62 are structureless, while the concretions of ash layers +15 and +16 

show a laminated diatomite (Fig. 7 C and D). 
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4.1.2 Petrography and mineralogy 

Bulk sample XRD reveals that the glendonite consists of pure calcite, with a maximum 

Mg content of 2.7 wt%. In one of the glendonite samples (+15c), pyrite was detected. Addi-

tionally, the occurrence of pyrite in several glendonites was proven using light microscopy, 

whereas it was not possible to determine pyrite in other glendonite via XRD. 

Microprobe analyses reveal different carbonate phases and the subsequent precipi-

tation of cements as well as of accessory minerals. Differences in the cement distribution are 

determined at the centre and the rim parts of the glendonite. Depending on preservation of 

the glendonite, various cement phases are distinguished representing defined generations. 

The first generation of calcium carbonate is the replacive calcite (rCc) with tabular to 

ovoid crystals and rosette clusters (up to 1.5 mm in length, see figures 12 and 13). Organic 

matter is often included within these crystals as small rings that are thicker towards the crys-

tal´s edge. The MgCO3 content in the centre is lower than at the edge of the replacive calcite. 

On average, the MgCO3 content lies at 1.7 mol%, but a MgCO3 content up to 3.6 mol% was 

observed at the margin of the rCc. 

The second carbonate phase is a radiaxial fibrous to spherulitic isopachous Mg-bear-

ing calcite as rim cement (Mg-ri; ca. 3 mol% MgCO3) overgrowing the rCc crystals. The Mg-ri is 

yellow to light brown under the microscope and contains small grains of pyrite and apatite 

(Fig. 13 B and D). The apatite crystals of the Mg-ri are on average 20 µm long with a maximum 

length of 100 µm. Brown organic matter particles are often incorporated into this phase caus-

ing the yellowish to brownish colour. 

The glendonite (+9b) of ash layer +9 reveals a secondary, translucent rim cement that 

is located at the edge of the brownish Mg-ri cement with the highest content in MgCO3 (aver-

age 7.5 mol%, maximum 10.1 mol%), MnCO3 (average 1.5 mol%, maximum 2.7 mol%) and 

FeCO3 (average 1.1 mol%, maximum 5.7 mol%). Therefore, this cement phase is named Iron-

Manganese-Magnesium-rich calcite rim cement (Fe-Mn-Mg-ri). The glendonite (+62b) of ash 

layer +62 shows this secondary rim cement solely in the central parts, but its abundance is 

just as high as in the glendonite of ash layer +9. This cement phase is only present in glendo-

nite that is surrounded by a calcareous concretion and in the glendonite (+14b) of ash layer 

+14. In the glendonite (+16b) of ash layer +16, no Fe-Mn-Mg-ri has been detected. Usually, 

the secondary rim cement (Fe-Mn-Mg-ri) is found in the central parts of the glendonite. The 

rCc and the two rim cements comprise circa 80% of the glendonite. The rim cement partially 

leached off the glendonite when the glendonite was not surrounded by a carbonate concre-

tion (Fig. 12 F, Fig. 13 E, and F). 
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Fig. 12: Photomicrographs in plain-polarised light. (A) Central part of the glendonite of ash 

layer +9 with rCc: replacive calcite, Mg-ri: Magnesium-bearing rim cement, and Fe-Mn-Mg-ri: 

Iron-Manganese-Magnesium-rich rim cement. (B) Margin part of the glendonite +9b with rCc, 

Mg-ri, Fe-Mn-Mg-ri cement, and Fe-Mg-c: Iron-Magnesium-bearing fill cement. (C) Central part 

of the glendonite below ash layer +62 (+62b), where the glendonite expanded inside the ash 

layer. Ash particles appear as brownish, black minerals. (D) Central part of the glendonite of 

picture (C). Brownish organic matter and diatoms are embedded within the glendonite in this 

area. (E) Central part of the glendonite +16b. (F) Margin part of the glendonite of picture (E). 

Dissolution fringes of the Mg-ri and the open pore space, where the Fe-Mg-c leached off, can 

be seen. The location of diatoms within the phases of rCc and Mg-ri is marked with white ar-

rows. 
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Fig. 13: Back-scatter electron images of the same glendonite crystals like in figure 12. (A) Central 

part of the glendonite +9b of ash layer +9 with rCc: replacive calcite; Mg-ri: Magnesium-bearing 

rim cement, and Fe-Mn-Mg-ri: Iron-Manganese-Magnesium-rich rim cement. (B) Margin part of the 

+9b glendonite. The secondary rim cement phase (Fe-Mn-Mg-ri) could not be seen in the margin 

area. (C) Central part of the glendonite of ash layer +62b, where the glendonite expanded inside 

the ash layer. (D) Central part of the glendonite of picture (C). (E) Central part of the +16b. The Fe-

Mg-c leached off. (F) Margin part of the glendonite of picture (C). Dissolution fringes of the Mg-ri 

and the open pore space, where the Fe-Mg-c leached off, are displayed. 
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The youngest carbonate phase within the glendonite is a sparry, bright calcite filling 

the open pore space during burial. The magnesium content is low with an average of 2.5 mol% 

MgCO3, while the MnCO3 (average 0.1 mol% in glendonite of ash layer +9) and the FeCO3 (av-

erage 0.6 mol%) concentrations are slightly enriched. This phase is named Iron-Magne-

sium-bearing fill cement (Fe-Mg-c). It often leached off when the glendonite was not protected 

by a surrounding carbonate concretion. Thus, this is the most soluble cement phase of the 

glendonite. The Fe-Mg-c is completely absent in glendonite samples +14b and +16b. 

Few diatoms are embedded within the rCc and the Mg-ri (less than 1% of the glendo-

nite; Fig. 12 E). Inclusions of host sediment within the glendonites are rare and occur only at 

the marginal part of the glendonites (Fig. 12 D). Organic matter is found as 2.5 to 10 µm par-

ticles in the rCc and in the Mg-ri. 

 

4.1.3 Geochemistry 

TC, TS, CaCO3, and Corg concentration 

The carbonate content in the glendonite ranges between 92.3 and 97.8 wt% CaCO3 

pointing to pure calcite. The glendonite sample containing the lowest concentration for CaCO3 

is the glendonite +15c of ash layer +15. The total sulphur (TS) content of the glendonite ranges 

between 0.01 and 0.14 wt% (Tab. 10). Only glendonite +15c of ash layer +15 bears a minor, 

but via XRD detectable content of pyrite. The organic carbon content (Corg) is very high (10.2 

and 19.8 wt%) for both glendonite samples of ash layer +62, if compared to the surrounding 

concretions. 

The carbonate concretions consist of diatomite and sometimes of ash layers that are 

cemented by carbonate cements (mostly calcite). The total carbonate content ranges between 

76.3 and 88.6 wt% CaCO3. XRD reveals that the main mineral is calcite with up to 4 mol% 

MgCO3. The concretions contain a slightly higher concentration of total sulphur (TS) compared 

to the glendonite with up to 0.20 wt% sulphur in the concretion +62a of ash layer +62 where 

the mineral pyrite was detected via XRD. For ash layers observed in some carbonate concre-

tions, volcanic minerals like (titano-)magnetite, anorthite, and albite are identified. The TOC 

concentration is much lower than in glendonite with values between 0.1 and 4.4 wt%. 
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Tab. 10: Results for concretions and glendonite bulk samples. 

 

  



 

43 

 

Results 

Carbon and oxygen isotopes (δ13Ccarb and δ18Ocarb) of carbonates 

δ13Ccarb values in the drilled samples of carbonate concretions range between -24.7 

and -17.2‰ V-PDB, while the drilled glendonite samples display slightly lighter δ13C values 

between -25.8 and -18.5‰. δ18Ocarb values of the carbonate concretions vary between -2.8 

and -1.8‰, and for the glendonite between -3.6 and -1.7‰ (Tab. 10). Bulk rock δ13C isotopic 

composition ranges from -25.1 to -20.8‰ and from -24.0 to -18.2‰ for glendonite and car-

bonate concretion samples, respectively. The mean δ13C value of bulk glendonite samples 

is -23.2 ± 1.1‰, while the average δ13C value of bulk samples of carbonate concretions is 

more enriched in 13C with a value of -21.3 ± 2.6‰. δ18O values of bulk glendonite samples 

range between -2.9‰ and -2.3‰ and for bulk concretions between -2.6‰ and -2.0‰. The 

mean δ18O values are -2.6 ± 0.2‰ and -2.2 ± 0.2‰ for glendonite and concretions, respec-

tively. 

The carbon and oxygen data of different cement generations reveal a more detailed 

picture (Tab. 11, Fig. 14 and Fig. 15). The δ13C isotopic composition of the replacive calcite 

shows the lowest values of all three cement generations with an average value of -24.7 ±0.9‰ 

V-PDB. The rim cement samples (average value: -22.7 ± 1.4‰) are up to 2‰ higher in their 

δ13C compared to the rCc and the youngest cement generation (c; average δ13C value: -18.9 

± 3.6‰) is up to 8‰ higher than the rim cement. The bulk data are always more 13C enriched 

than the rCc (up to 2‰). Sometimes they fall between the rim cement and the fill cement. In 

most samples, the δ18O values shift to 18O enriched values from the replacive calcite across 

the rim cement to the fill cement. Solely for glendonite +16a of ash layer +16, this sequence 

is completely reversed with the lightest value analysed for the fill cement (-2.6‰) and the 

heaviest value for the replacive calcite (-2.0‰). In general, the rCc depicts δ18O values be-

tween -2.7 and -2.0‰, the rim cements values between -2.4 and -1.7‰, and the fill cement 

values between -2.6 and -0.6‰. Bulk δ18O values of the glendonites exhibit more 18O de-

pleted values than all corresponding cement phases of the particular sample. The bulk sam-

ples are about 0.2‰ lighter than the lightest cement phase (often rCc). 

Strontium and calcium isotope geochemistry (87Sr/86Sr and δ44/40Ca) 

The 87Sr/86Sr values of the carbonate concretions (~0.70774) are slightly enriched in 

87Sr with respect to the glendonite (~0.70773) (Tab. 11). The rCc and Mg-ri (average of 

0.70774) show 87Sr/86Sr values that are normally heavier than for the glendonite bulk samples. 

Excluding the glendonite +62b of ash layer +62, the fill cement is generally more enriched in 

87Sr with an average value of 0.70781 than the other two cement phases. 

The calcium isotopic composition of the three different glendonite cements (rCc, Mg-ri, 

and c) is very homogeneous with a mean value of 0.70 ± 0.06‰ SRM915a. Within each of the 

four samples, the δ44/40Ca values of the three cements are identical within analytical error. In 

every sample, the rCc exhibits a mean value of 0.71‰, which is very similar to the mean value 
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of the fill cement generation (0.73‰). Solely the rim cement displays a slightly lower value 

of 0.67‰. 

 

Fig. 14: (A) δ13Ccarb values of the drilled samples of glendonite in comparison to 

the bulk glendonite values. (B) δ18Ocarb values in the same arrangement as in 

(A). (C) δ13Ccarb values of the different cement phases and the bulk glendonite 

values. (D) δ18Ocarb values of the cement phases as in diagram (C). 
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Fig. 15: Plot of δ13Ccarb values versus δ18Ocarb values of glendonite and surrounding concretions. The 

bulk δ13C and δ18O values are displayed as shaded data areas (light grey: glendonite; dark grey: 

carbonate concretions), and the values of the cement measurements are given as diamonds. 

 

Tab. 11: δ13Ccarb, δ18Ocarb, 87Sr/86Sr, and δ44/40Ca values of glendonite cement 

samples. The abbreviation “rCc” stands for replacive calcite, “ri” for the first 

rim cement and “c”, for fill cement. 
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Sulphur and oxygen isotopes of carbonate-associated sulphate (δ34SCAS and δ18OCAS) 

Concentrations of CAS in glendonite range between 96 and 2437 ppm (Tab. 10). The 

highest CAS concentrations were found in the glendonite samples of ash layer +16 (glendo-

nite +16a) and +62 (glendonite +62c) that are both surrounded by a carbonate concretion. 

The proto-glendonite +16b of ash layer +16 depicts a CAS concentration of 164 ppm. The low-

est CAS concentration (96 ppm) was recorded for glendonite +9b of ash layer +9. 

Most of the glendonite crystals display δ34SCAS values between +50 and +75‰ V-CDT 

and δ18OCAS values between +22 and +25‰ V-SMOW (Tab. 10). Solely the glendonite +16b of 

ash layer +16 displays a lighter value of +38‰ for δ34S (δ18O was not measured due to insuf-

ficient BaSO4 material). Even lighter values were measured for the glendonite +15c of ash 

layer +15 (δ34S of +17‰ and δ18O of +14‰) and for the glendonite +9b of ash layer +9 (δ34S 

value of +33‰ and δ18O value of +17‰). Both glendonite samples contain substantial 

amounts of pyrite as identified via XRD. For glendonite +9b and +15c, chromium-reducible 

sulphur (CRS, i.e. pyrite sulphur) yielded δ34SCRS values of -27 and -35‰, respectively. 

CAS concentrations of the carbonate concretions between 379 and 752 ppm are lower 

than the respective concentrations of the glendonite. Moreover, the carbonate concretions 

analysed exhibit lower isotope values than the glendonite with values between +17 and +35‰ 

for δ34S and between +12 and +22‰ for δ18O. 

  



 

47 

 

Results 

4.2 Carbonate concretions and volcanic ash layers of the Fur Formation 

4.2.1 Sediment structures and fossils 

Remeasured thicknesses of diatomite and ash layers are summed up in appendix 1 

and a summarizing profile for all investigations of 2014 field work was drawn (Fig. 16). Beside 

glendonite moulds (Tab. 3), several other structures were found. One metre above ash 

layer -11, ghost rocks, looking like large, reddish concretions, were observed in several out-

crops (Fig. 17 A; Knudeklint coastal outcrop, Råkilde pit on Fur, and Ejerslev pit on Mors). 

Slumping structures (Fig. 17 B) were observed between ash layers -17 and -14 at the coast of 

Fur Knudeklint. A mould of ca. 5 cm in diameter and 2 cm height was found between ash lay-

ers -10 and +1 (Fig. 17 C). This could be a mould of a chert nodule. Macrofossils like bivalves, 

bones, and cochleae were found in horizons of ash layers between -28 and -24, +31, and 

+130. Several ash layers of the Silstrup Member exhibit abundant burrows made by animals 

(Fig. 17 D). 

The macroscopic picture of the carbonate concretions is very variable (Fig. 18). Several 

horizons are cemented by carbonate for several hundred metres in diameter (ash layers -11, 

+62, +101/+102, +130, +135). The carbonate horizons studied here are between 5 and 70 cm 

thick with an average of ca. 25 cm. The ellipsoidal concretions are between 15 and 80 cm in 

diameter with an average of 34 cm. The diameter of several concretions was not measured, 

because either the concretion was not complete or the concretions stem from a cemented 

horizon. The most remarkable concretions are those that contain glendonite and the one be-

tween ash layers -28 and -24 which contains numerous bones, bivalves, and several ash lay-

ers (Fig. 18 F). 

Additionally, several sedimentary structures were found in the concretion between 

ash layers -28 and -24: areas incised, slumping, and erosional structures (Fig. 18 F). 

 

4.2.2 Volcanic ash layers – Microscopic textures and geochemistry 

Microscopic textures 

Volcanic ash layers bear brown sideromelane and black, opaque tachylite glass parti-

cles. Some of the sideromelane particles appear brownish-yellow with sharp edges (Fig. 19 A 

and C). Others contain abundant voids (Fig. 19 C and D). Point counting revealed a proportion 

of 95% for the glass particles of the whole ash layer. The remaining 5% pyroclasts are rock 

particles with microlitic textures and crystal fragments with mostly calcite-rich plagioclase. 

Sometimes diatoms, radiolarians, and silicoflagellates are embedded within the volcanic ash 

layers (Fig. 19 B). The grains at the lower boundary are coarser with a diameter of ca. 500 µm 

and a fining up to a particle size of ca 100 µm in average can be seen in every ash layer. No 

sedimentary structures are discernible by light microscopy within the ash layers. Some of the 

positive ash layers have been relocated by burrowing animals like Teichichnus and Planolites 
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(Pedersen and Surlyk, 1983) and, thus, are arranged as burrows within the underlying diato-

mite. 

 

Fig. 16: Lithostratigraphic column of the Fur Formation showing the different lithologies with ash 

layer numbering, structures, occurrences of carbonate concretions and glendonite, ash layer chem-

ism, and fossils. The ash composition was added using data of Larsen et al. (2003). 
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Fig. 17: Photographs of different structures found during the field investigations in 2014 at 

Knudeklint coastal outcrop on Fur. (A) Ghost rocks, which are concretions in pretence, slightly 

above ash layer -11. (B) Slumping structures between ash layers -17 and -14. (C) Hole of a chert 

nodule ca. 3 m above ash layer -10. (D) Bioturbation below ash layer +43. The number of the indi-

vidual ash layers are given within the white squares. The white arrow indicates the age pointing to 

younger sediments. 



  

50 

 

Chapter 4 

 

Fig. 18: Photographs of some concretions. (A) Concretion holding ash layer +62 and a stellate 

glendonite, which grew inside the ash layer. (B) Concretion of ash layer +31. (C) Concretion of ash 

layer +26 with a flat, horizontal lamination. (D) Concretion +9a bearing ash layer +9. At the lower 

boundary, the ash layer is bioturbated and ash particles occur in burrows. (E) Concretion between 

ash layers +3 and +4 that is bioturbated. Thus, no lamination can be seen. (F) The so-called 

“stribet” cementsten (Andersen and Andersen, 1996; Pedersen et al., 2011) between ash lay-

ers -28 and -24 that holds ash layers, bone beds, bivalves, and sedimentary structures. The white 

arrow indicates the age pointing to younger sediments. 
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Geochemistry 

Two thin sections (bearing ash layers +9 and +62) were prepared for electron micro-

probe analyses. Both ash layers belong to the group of Fe-Ti tholeiites. The ashes vary in de-

gree and grading in crystallinity from clear isotropic yellow and dark brown glasses to fine-

grained crystalline basalt particles. 

The volcanic ash layers of horizon +9 and +62 are very similar in their chemical com-

position (Tab. 12) with concentrations of Si 52.83, Ca 13.13, Fe 12.50, Al 8.62, Mg 8.41, Na 

3.07, and Ti 2.64 (all values given in norm%). Minor concentrations of K, Cr, and Mn were 

measured. Some particles exhibit higher Al concentrations with 18.36 norm%. The volcanic 

ash layers are cemented with a homogenous calcite cement exhibiting average Ca 

(61.64 norm%) and Mg (1.81 norm%) concentrations. The diatomite within carbonate concre-

tions display calcitic cementation with a higher concentration of Si (11.84 norm%; Tab. 12). 

Four samples of uncemented ash layers (-12, +19, +55, and +79) were analysed for 

their 87Sr/86Sr ratio and yield values between 0.70407 and 0.70693 with an average of 

0.70508 when corrected by age (Tab. 13). 

Tab. 12: Electron microprobe analyses of volcanic ash particles, diatomite, calcite cement, and 

other compounds found inside the thin sections of +62b and +9b. Average values are listed. 
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Fig. 19: Photomicrographs in plain-polarised light and back-scatter electron images of volcanic 

ash particles. (A) Photomicrograph of ash layer +9 where a glendonite grew inside the ash layer. 

(B) Back-scatter electron image of the same ash layer with few, bright particles. The matrix is glen-

donite cement with three different cement generations. In the upper left corner, a radiolarian was 

investigated. (C) Photomicrograph of ash particles within concretion +62b of ash layer +62. The 

ash particles are embedded in a calcitic matrix. (D) Same excerpt of concretion +62b as a back-

scatter electron image. Some of the ash particles exhibit abundant voids. One particle with many 

voids is marked in red. 

 

4.2.3 Carbonate concretions – Microscopic investigations 

The carbonate concretions are cemented with a calcite cement. Other compounds are 

ash particles, diatoms, clay minerals, bivalves, bones, and the glendonite minerals described 

above (chapter 4.2.1). The diatoms are well preserved and are present in every thin section. 

Diatoms occur within glendonite cements and in between ash layers. Several diatom species 

were identified: Coscinodiscus, Hemiaulus, Trinacria, and Pseudostictodiscus. Radiolarian, 

ebridian, silicoflagellates, and sponge spiculae are also abundant (see chapter 3.2.12). 

Besides diatoms (Fig. 20 A), other fossils are visible within the thin sections, most 

prominently within a “bone” bed layer of the carbonate concretion between ash layers -28 

and -24 (Fig. 20 C - F). This layer features fish and arthropod remains (bones, flakes, hair, skin, 

and teeth), in addition to coprolites produced by fishes with plant remains and insect pieces 

(Markus Bertling, pers. comm.). 
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Tab. 13: 87Sr/86Sr of bulk volcanic ashes of this study and additional pub-

lished 87Sr/86Sr values of ashes of the Fur Formation (Morton and Evans, 

1988; Larsen et al., 2003). 

 

 

4.2.4 Carbonate concretions - Geochemistry 

X-ray diffraction analyses 

The carbonate concretions consist mainly of calcite with a varying concentration of 

Mg. The Mg content is 7.1 wt% in average with a minimum of 2.0 wt% and a maximum of 

16.7 wt% for the calcite carbonate concretions. The dolomite concretion -17b of ash layer -17 

and the ankerite concretion of ash layer -20 display a Mg concentration of 47.0 wt% in aver-

age (Tab. 14). 

The calcite-cemented concretions consist of diatomite and occasionally of ash layers. 

Bulk sample XRD analyses reveal magmatic minerals like albite, anorthite, and (titano-)mag-

netite for those concretions that bear volcanic ashes (Tab. 15). Pyrite or marcasite concentra-

tions above 5 wt% were identified in the following concretions: -17a, -13b, -11b_2, -11a_2, 

+3/4, +25+29, +30b, +31, +62a, +129/+130, and +130b. In the lowermost 6 m of the 

Knudeklint Member, the concretions exhibit a high abundance of phosphate with hydroxylap-

atite as the main mineral for the concretion between ash layers -30 and -20 and as nodules in 

the concretion between ash layers -28 and -24. A sample of a silicified layer between ash 

layers -30 and -20 consists of quartz, pyrite, magnetite, montmorillonite, and anorthite. Two 

diatomite samples (Ra u. +16 and Ej+21_1) are composed of quartz (SiO2) and clay minerals. 

The SiO2 is mainly Opal-A, which stems from diatoms. 
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Fig. 20: Photomicrographs in plain-polarised light. (A) Laminated diatomite of ash layer +31. In 

the middle part, a bright lamina with many diatoms (mainly Coscinodiscus) can be seen. In the 

upper and lower part of the picture, brownish appearing laminae with organic matter and clay 

minerals are shown. (B) Arthropod fragment in the thin section of concretion +31. (C) Coprolite 

(phosphate nodule). (D) Arthropod fragments are visible in the upper half of the picture. A fish 

flake is located in the lower left part. (E) Another arthropod fragment. (F) Unidentified round fos-

sil component. Pictures (C) to (F) are taken from a thin section of the carbonate concretion be-

tween ash layers -28 and -24. 
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Tab. 14: Results of bulk carbonate concretion samples. 
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Tab. 15: Mineralogical composition of carbonate concretions. 

 

 

Carbonate content (CaCO3) and total sulphur (TS) 

The carbonate content of the carbonate concretions ranges between 47.4 and 

91.7 wt% (average 81.0 wt%), while the bulk samples containing volcanic ash layers depict 

much smaller values of 32.6 to 59.0 wt% and a mean value of 44.8 wt%. The ankerite and the 

dolomite concretions exhibit a carbonate content (CaCO3) similar to other carbonate concre-

tions with values of 89.6 and 80.1 wt%, respectively. The hydroxylapatite concretion between 

ash layers -30 and -20 depicts a CaCO3 concretion of 5.5 wt% and the clayey concretion of ash 

layer -34 the lowest CaCO3 concentration, namely 0 wt% (Tab. 14). The diatomite samples 

display an average CaCO3 concentration of 0.9 wt% with a maximum of 1.6 wt% (Tab. 16). 
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The carbonate concretions display an average total sulphur (TS) content of 0.2 wt% 

with a maximum of 1.2 wt%, while the TS is higher in the bulk samples of the carbonate con-

cretions exhibiting volcanic ash layers with an average of 0.7 wt% and a maximum of 2.0 wt%. 

The dolomite, ankerite, and hydrophosphate samples depict TS values between 0.1 and 

0.7 wt%. In contrast, the bulk powder sample of ash layer -34, a clayey concretion, displays 

the highest TS concentration (2.7 wt%) of all concretions. The diatomite samples show highly 

variable TS values between 0.0 and 9.0 wt% with a mean of 1.1 wt% and, thus, bear more 

sulphur than the carbonate concretions. 

Tab. 16: TS, CaCO3, Corg, δ13Corg, and C/N values of diatomite samples. 

 

Carbon and oxygen isotopes (δ13Ccarb and δ18Ocarb) 

The δ13Ccarb values of the bulk calcitic carbonate concretions range between -24.1 

and -5.7‰ V-PDB and have an average value of -18.9‰. Calcitic cemented volcanic ash lay-

ers within the concretions depict a mean of -19.9‰. The calcite cements of the volcanic ash 

layers lie in an array of -22.7 to -11.5‰. The carbonate concretions of the lower Knudeklint 

Member below ash layer -11 exhibit more 13C enriched values between -17.1 to -5.7‰. The 

dolomite sample (-17b) of ash layer -17 displays the heaviest δ13C value of +7.0‰ and the 

ankerite sample of ash layer -20 has a δ13Ccarb value of +5.9‰ (Tab. 14). The oxygen isotope 

values (δ18Ocarb) of the carbonate concretions lie between -3.1 and -0.5‰ with an average 

of -2.0‰. The δ18O values of the volcanic ash bearing carbonate concretion samples are 

slightly enriched in 18O with δ18O values ranging from -2.3 to -0.2‰ V-PDB around a mean  
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Fig. 21: (A) δ13Ccarb values of the drilled samples of carbonate concretions 

in comparison to the bulk values. (B) δ18Ocarb values in the same arrange-

ment as in (A). (C) δ13Ccarb values of the drilled samples of carbonate con-

cretions in comparison to the bulk values (continuation of (A)). (D) δ18Ocarb 

values in the same arrangement as in (C) (continuation of (B)). 
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Fig. 22: Plot of δ13Ccarb values versus δ18Ocarb values of all carbonate concretions. The bulk δ13C and 

δ18O values of most of the carbonate concretions are displayed in the shaded area in the lower 

left corner. Solely the δ13C and δ18O values of concretions -20, -17b, -17a, -13b, -13a, +25+29, 

and +102 are not this area. Big symbols represent bulk analyses, while small symbols depict the 

values of drilled samples. 

value of -1.7‰. No stratigraphic trend is discernible across the profile in the oxygen isotope 

data when compared with the carbon isotope data. The ankerite concretion depicts a δ18O 

value of -0.4‰, whereas the heaviest oxygen isotopic composition was measured for the do-

lomite concretion of ash layer -17 at +1.1‰. 

Based on microdrilled samples, some concretions exhibit a wide range of individual 

carbon and oxygen values, in particular, the concretions of ash layers -28-24, -17a, -11a, 

+3/4, +9b, +9a, +15d, +25+29, +31, +130, and +135 with variations of up to 10‰ and 3.5‰ 

V-PDB for δ13C and δ18O, respectively (Fig. 21). Yet, most concretions display carbon and oxy-

gen values that are rather homogenous. Moreover, in most samples the bulk powder values 

agree well with the average values of the individual samples drilled. 

Most drilled samples of the carbonate concretions show δ18Ocarb values between -3.5 

and -0.5‰ and δ13Ccarb values between -27 to -12‰ (Fig. 22). The concretion of ash layer +102 

displays 13C and 18O enriched material. The concretion -17a of ash layer -17 bears higher δ13C 

values than the other concretions. Both concretions of ash layer -13 have δ13C values of -10 

to -5‰ and lie between concretion -17a and the other concretions. The most remarkable dif-

ference in δ13C and δ18O isotopic composition is recorded for the dolomite and ankerite con-

cretions. 
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Total organic carbon, carbon/nitrogen ratio, and organic carbon isotopic composition (TOC, 

C/N ratio, and δ13Corg) 

The carbonate concretions show total organic carbon concentrations (TOC) ranging 

from 0.0 to 5.5 wt% with an average of 2.3 wt%, while the volcanic ash samples within the 

carbonate concretions yield lower TOC values between 0 and 0.5 wt% (average of 0.2 wt%). 

Other concretions, namely dolomite (sample -17b) and ankerite (sample -20) cement, fall into 

the same range of the TOC concentration (Tab. 14). The diatomite samples display TOC values 

of 0.2 to 5.3 wt% around an average of 1.3 wt% and, thus, plot in the same range as the car-

bonate concretions. 

The C/N ratios of all calcitic bound carbonate concretions, including the bulk sample 

powders with volcanic ash particles, range between 0.4 and 29.4 (Fig. 23). The concretions of 

ash layer -34 and the one between ash layers -28 and -24 hold C/N values of ca. 25, while the 

dolomite (sample -17b) and the ankerite (sample -20) concretions have strongly N depleted 

C/N ratios with 40.8 and 107.6, respectively. The diatomite samples illustrate C/N ratios be-

tween 6.9 and 27.9 with a mean value of 16.3 (Tab. 16). 

All organic carbon isotope data (δ13Corg) fall into a range between -31.0 and -25.9‰ V-

PDB (Fig. 23). The average value of δ13Corg is -26.9‰. The lightest 13C depleted value was 

found in the lowermost sample within the clayey concretion of ash layer -34 with -31.0‰. The 

diatomite samples display δ13Corg isotopic compositions with a maximum of -26.2 and a min-

imum of -31.1‰ (average: -28.0‰). The lightest outstanding data are measured in the low-

ermost part of the profile for diatomite samples and the clayey concretion of ash layer -34. 

 

Fig. 23: Plot of δ13Corg value versus C/N ratio of the carbonate concretions and the diatomite. All 

distant data points are labelled. 
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Sulphur and oxygen isotopes of carbonate-associated sulphate (δ34SCAS and δ18OCAS) 

CAS in 13 carbonate concretions exhibits a concentration between 3 and 1159 ppm 

with an average of 441 ppm (Tab. 14). The highest CAS concentration occurs in the concretion 

of ash layer +130. The dolomite concretion -17b of ash layer -17 bears a low CAS concentra-

tion of 23 ppm (Tab. 14). The lowest CAS concentration was identified for the calcite concre-

tion of +62c of ash layer +62 with 3 ppm. This value is very low and is treated like an offset 

value. 

The values of the stable sulphur isotopic composition (δ34SCAS) fall into an array be-

tween -5.6 and +32.9‰ V-CDT with a mean value of +21.0‰ (Fig. 24). Nearly all δ34SCAS values 

are in a range between +17 and +33‰. The carbonate concretion found between ash lay-

ers -28 and -24 shows the lightest δ34SCAS value of -5.6‰. 

The δ18OCAS values range between +2.9 and +22.4‰ V-SMOW with an average 

of  +14.6‰ (Fig. 24). The lightest value was measured for the carbonate concretion between 

ash layers -28 and -24 and another comparably low value of +8.1‰ was measured for another 

sample of the Knudeklint Member (-17a). Thus, a trend to heavier δ18OCAS values towards the 

higher horizons of the Fur Formation is apparent. The Silstrup Member exhibits a mean δ18OCAS 

value of +16.8‰. 

 

Fig. 24: Plot of δ18OCAS versus δ34SCAS isotopic composition of the carbonate concretions. The Early 

Eocene seawater δ34SCAS composition of several authors is given as a shaded array. 
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Strontium geochemistry (87Sr/86Sr) 

The 87Sr/86Sr values of calcitic carbonate concretions yield values between 0.70772 

and 0.70784 with a mean of 0.70775 (Tab. 17). A decrease in 87Sr/86Sr can be identified to-

wards the top of the Fur Formation. The highest values are found within the Knudeklint Mem-

ber, while the 87Sr/86Sr values keep decreasing over the whole Silstrup Member. With 0.70839, 

the highest 87Sr/86Sr value was determined for the dolomite concretion -17b of ash layer -17. 

Tab. 17: 87Sr/86Sr ratios of selected carbonate concretions. 

 

Biomarker analyses and compound specific δ13C values 

Biomarker results of glendonite (n=2), carbonate concretions (n=3), and diatomite 

(n=2) are described below. The results for glendonite are added in this chapter, because the 

content of biomarker determined within glendonite was very poor. 

Hydrocarbons: 

Whereas both glendonites (named “+15aG” and “+10bG” in figure 25) contain only 

minor amounts of n-alkanes, the concretions contain a lot of them with long-chains more 

prominent, especially in concretion -17b of ash layer -17 and in +135a of ash layer +135. 

In concretion +135a, two hopanes, namely hop-17(21)-ene are identified. Except for 

n-alkanes, no other compounds of hydrocarbons are preserved. 

The diatomite of ash layer +135 depicts the same signature as the corresponding car-

bonate concretion. Solely the hopanes and hopenes are missing. In the diatomite sample of 

Ra-11 at ash layer -11 (Fig. 25), the signals are very low and an unresolved complex mixture 

(UCM) is detected at the beginning of the diagram. This is also documented for concre-

tion -17b. 
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Fatty acids: 

In both glendonite samples, short-chain fatty acids are the most abundant com-

pounds (Fig. 25). Furthermore, hexadecanoic acid and octadecanoic acid are accompanied by 

unsaturated fatty acids. The glendonite also contains some iso- and anteiso-fatty acids. How-

ever, the contents within the glendonite are very low. 

All concretions contain short-chain fatty acids with the highest concentrations of all, 

but all of them also contain mid-chain to long-chain fatty acids. Especially, the concre-

tions -17b of ash layer -17 and +135a of ash layer +135 show high contents of fatty acids with 

24 to 30 carbon atoms. Iso- and anteiso-fatty acids are found, but only in trace amounts. Fur-

thermore, all concretions contain some contents of hopanoic acids with 31, 32, and 33 carbon 

atoms. Concretion -17b also depicts biphytanic diacid, an isoprenoid with 40 carbon atoms, 

in reasonable amounts. 

The concentrations of fatty acids within the diatomite are less than in the carbonate 

concretion. The compounds are the same as in the glendonite and in the concretions. The 

even numbered C-chains within the concretions are higher than the uneven chains, which 

cannot be seen within the diatomite pointing to a higher level of biological degradation within 

the diatomite. 

Alcohols: 

The compounds of the alcohol fraction in both glendonite samples are very low (Fig. 

25). The only compounds identified are unspecific n-alcohols and some dialcohols. Moreover, 

cholesterol is present. In glendonite +15a of ash layer +15, unsaturated alcohols and some 

branched alcohols (iso) are found, but they are most likely from secondary sources (Daniel 

Birgel, pers. comm.). 

As for the other fractions, the concretions show many more compounds and their con-

centrations are much higher. All concretions contain n-alcohols maximizing with longer 

chains. Furthermore, sterols, especially brassicasterol and dinosterol, are detected within the 

concretions. Biphytanediols (black triangles, Fig. 25) are likewise found in the concretions as 

well as biphytanes, archaeal diethers, and monoethers. Smaller amounts of archaeol (isopre-

noidal diether) are given in the concretions -17b and +135a. The monoethers are only present 

in concretion -17b. Hopanoids are only found in concretions -17b and +135a. AnhydroBHT, a 

degradation product of BHT, an unspecific hopanoid, is only present in concretion -17b. Apart 

from hopanoids, until today not further assigned macrocyclic diether lipids (see Blumenberg 

et al., 2007; Baudrand et al., 2010) are also present, as well as dialkyl glycerol diethers 

(DAGEs; only in concretion +135a). 

The alcohol fractions of diatomite are variable. The compounds of the +135 diatomite 

are similar to those of the concretion +135a, but the concentrations are much lower in the 
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diatomite than in the concretion. There are also sterols, di-alcohols, and biphytane diols in 

the diatomite. 

Compound specific carbon isotopes (δ13C) 

The compound of hexadecanoic acid depicts δ13C values between -30 and -26‰ V-

PDB for glendonite and carbonate concretion samples, while the octadecanoic acid data are 

slightly 13C enriched in each sample (-29 to -25‰) (Tab. 18). Hexacosanoic acid and bish-

omohopanoic acid in the concretions +135a of ash layer +135 and -17b of ash layer -17 show 

δ13C values of ca. -30.5‰. In the same concretions, archaeol is found and yields -34 

and -33‰ for the δ13C composition of +135a and -17b, respectively. Monoether compounds 

of concretion -17b demonstrate a δ13C value of -33‰. Biphytanediols are identified in all con-

cretions and their corresponding δ13C values fall into a range between -23 and -21‰. The 

compound of monocyclic biphytanediols of concretion +135a is 13C depleted with a value 

of -28‰. Tricyclic biphytanediols yield δ13C values between -23 and -21‰ for all carbonate 

concretions. 

Tab. 18: Biomarker compounds and their corresponding δ13C values. The abbreviation “tr” 

stands for traces that were identified, but not quantified. 

 



 

65 

 

Results 

 

Fig. 25: Biomarker data of carbonate concretions (-17b, +15a, and +135a), glendonite (+10bG, 

+15aG), and diatomite (Ra-11, Si+135_1) are displayed this diagram. The individual fractions are 

listed in columns. 
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4.3 Paleotemperatures 

Three different paleotemperature proxies were measured to assess the prevailing tem-

peratures in the bottom water and in the sedimentary column during the deposition and the 

early diagenesis of the sediments of the Early Eocene Fur Formation. Initially, the clumped 

isotopes (Δ47) of replacive calcite from glendonite samples were analysed to determine the 

temperature of the ikaite to glendonite transformation. 

Resulting temperature values were applied to calculate the Eocene δ18O bottom/pore 

water (δ18OH2O) after Kim and O´Neil (1997). This δ18OH2O value of -4.5‰ calculated for the 

Early Eocene bottom and pore water was used for the calculation of the paleotemperatures of 

all carbonates based δ18Ocarb data. Furthermore, the paleotemperatures for all carbonate sam-

ples were calculated by applying a δ18OH2O value of -1‰ V-SMOW for the ice-free Early Eocene. 

These paleotemperature values were compared with paleotemperatures obtained by 

oxygen isotope measurements on the SiO2 of pure diatom samples (δ18Odiatom). Again, the cal-

culated δ18OH2O value of -4.5‰ V-SMOW was inserted into an equation for the paleotempera-

ture reconstruction. 

 

4.3.1  Paleotemperatures indicated by the clumped isotope measurements (Δ47) of 

glendonite 

Three samples were analysed for their clumped isotope values in this study: the whi-

tish replacive calcite (rCc) of the Simeulue Seep off Sumatra and of the rCc of ash layer +16 

and of ash layer +62 of the Fur Formation. 

Based on Wacker et al. (2014) (equation 1) and Δ47 data from this study (Tab. 19), 

paleotemperatures were calculated according to: 

Δ47 = 0.0327 (±0.026) * 106 * T -2 + 0.3030 (±0.0308) (1) 

Respective paleotemperatures range between -3 and +17 °C (n=4) around an average 

of +6 °C for the rCc of ash layer +16 and between 0 and +9 °C with an average of +5 °C (n=4) 

for the rCc of ash layer +62. In contrast, the Sumatra rCc yields temperature values between 

+2 and +26 °C with an average of +13 °C (n=6; Fig. 26). When looking at the δ13Ccarb and δ18Ocarb 

values of the Sumatra replacive calcite (Tab. 19), they are significantly different compared to 

the replacive calcite of the glendonite of the Fur Formation. 
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Tab. 19: Clumped isotope values (Δ47) of the rCcs and the cal-

culated paleotemperatures after Wacker et al. (2014). 
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Fig. 26: Clumped isotope temperatures of glendonite rCc. The grey area marks the ikaite stability 

field after Hu et al. (2014). The black arrow points to the temperatures of ikaite transformation. 

 

4.3.2 Paleotemperatures indicated by δ18Ocarb of glendonite and carbonate concre-

tions 

Several equations have been published for various fractionation factors between cal-

cite and water for selected temperature ranges (Tab. 20). Solving these equations for temper-

ature and estimating the ambient δ18O value of the surrounding water allow calculating the 

paleotemperatures. 

Tab. 20: Summary of published equations for calculating paleotemperatures based on 

δ18Ocarb analyses. 

 

In this study, equation 6 (Kim and O´Neil, 1997) was used, as it is most often utilised 

in recent paleotemperature calculations. First, a δ18OH2O value of -1‰ V-SMOW was consid-

ered for the ice-free Early Eocene (Tab. 21 and Tab. 22). 
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The temperature equation of Vasconcelos et al. (2005; equation 2) for the fractiona-

tion of dolomite was applied for the dolomite concretion -17b of ash layer -17. 

 

1000 lnαdolomite-water = (2.73 x 106) T-2 + 0.26 (2) 

Tab. 21: Calculated paleotemperatures of glendonites computed 

with a δ18OH2O value of -1‰ V-SMOW. 
 

 

The average temperature value of all glendonite measurements (bulk, rCc, ri, and c) 

(Tab. 21) is +19.4 °C. The bulk glendonite displays an average temperature value of +21.3 °C, 

the replacive calcite one of +19.7 °C, the rim cement one of +19.0 °C, and the fill cement one 

of +16.5 °C. 
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The carbonate concretions cementing solely diatomite display an average paleotem-

perature value of +18 °C, whereas an average value of +17 °C was calculated for carbonate 

concretions containing some volcanic ash particles (Tab. 12). Thus, the heavier δ18O values 

of carbonate concretions containing volcanic ash particles yield slightly lower temperatures 

than pure diatomite carbonate concretions. It should be noted that, for several bulk samples 

(Fig. 18), ash layers could not be separated from diatomite prior to pulverization. 

Tab. 22: Calculated paleotemperatures of carbonate concretions 

with a δ18OH2O of -1‰ V-SMOW. Concretions around glendonites 

are marked in bold. 
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The highest temperature value of +23.7 °C was calculated for a carbonate concretion 

from ash layer -11. Samples with lower temperatures are from ash layers -13, +30, +102, +130 

and +135 with values between +10 and +14 °C. The glendonite bearing carbonate concretions 

show an average temperature value of ca. +18 °C (Tab. 12). 

Considering the paleotemperatures derived from clumped isotope measurements for 

the rCcs, the δ18O value of the ambient pore water was recalculated. A δ18OH2O value of -4.5‰ 

for the ambient water was considered for the subsequent calculations (Tab. 23 and Tab. 24). 

Tab. 23: Calculated paleotemperatures of glendonites assuming a 

δ18OH2O value of -4.5‰ V-SMOW. 

 

Bulk glendonite samples display an average paleotemperature of +5.4 °C. The individ-

ual calcite cements reveal a more detailed picture of the paleotemperatures: on average, the 

rCc yields a value of +3.9 °C, the rim cement of +3.3 °C, and the fill cement of +1.0 °C. With 
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ca. +6 °C, the highest temperatures were calculated for the bulk glendonite samples of ash 

layers +15 and +16 (Fig. 27). The lowest temperatures were computed for the fill cement. All 

bulk samples of the glendonite plot above the stability field of ikaite, while most of the drilled 

cement phases, especially the fill cement, fall into the ikaite stability field. 

 

Fig. 27: Paleotemperatures of bulk cements and separated cement phases (rCc: replacive calcite; 

ri: rim cement; c: fill cement) of the glendonite. The grey area marks ikaite stability after Hu et al. 

(2014) and the black arrow points to the temperatures of ikaite transformation. 

An average value of +2.4 °C for all carbonate cemented diatomite concretions was cal-

culated. The carbonate concretions with volcanic ash particles in their bulk samples exhibit 

an average value of +1.5 °C. Temperature values below the freezing point of water were com-

puted for the concretions of ash layers -20, -13, between ash layers +20 and +30, and of ash 

layer +135. The highest value was obtained for the carbonate concretion of ash layer -11 with 

+7.4 °C. Glendonite bearing concretions show an average paleotemperature value of +3.7 °C. 

All temperature values of bulk samples of the carbonate concretions coincide well 

with the average temperature value derived from drilled samples across the whole profile of 

each concretion (Fig. 28). Solely the values computed for carbonate concretion +135a of ash 

layer +135 do not match resulting in a difference of ±5 °C. This carbonate concretion is one of 

the concretions displaying a wide range of temperatures values. Other concretions with a size-

able temperature range are concretions -17a, -11a_2, +25/+29, +31, and +135b. No trends 

are discernible regarding the size of the data range and the quantity of the drilled samples 

(Fig. 28). There are samples with more than 10 different drilled samples pointing to a low 

temperature distribution of approximately ±3 °C. 
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Tab. 24: Calculated paleotemperatures of the carbonate concretions 

using a δ18OH2O of -4.5‰ V-SMOW. Concretions around glendonite are 

marked in bold. 
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Fig. 28: Reconstructed paleotemperatures of the carbonate concretions (A) between ash layers +16 

and +135, and (B) between ash layers -28-24 and +15/16. The black lines indicate the temperature 

distribution of drilled samples. 
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4.3.3 Bottom water temperatures indicated by δ18Odiatom values 

Oxygen isotope measurements (δ18Odiatom) were conducted on 15 pure, white diatom 

samples. Equations of various fractionation factors between quartz, chert, diatoms, silica in 

general, and water are displayed in table 25. 

Tab. 25: Comparison of equations for calculating paleotemperatures based on δ18Odiatom. 

 

Samples containing the highest concentrations of minerals and other fossils com-

posed of SiO2 display lower δ18O values than pure diatom samples. Consequently, a correction 

for a mixed δ18Omeas value (diatoms, other SiO2 fossils, silt, clay, etc.) was used according to 

Leng and Barker (2006, equation 3): 

δ18Omeas = δ18Osilt * A + δ18Odiatom corr * B (3) 

A and B are the abundances of silt and diatoms, respectively, resulting from point-

counting. 

Calculated temperatures consider a δ18Osilt value of +11.7‰ for the mineral fraction 

(clay and silt; Brewer et al., 2008) and -4.5‰ V-SMOW for the ambient water. Following Dodd 

and Sharp (2010), the paleotemperature data for the δ18Odiatom results were calculated (equa-

tion 10 in table 25). 

The δ18Odiatom values yield paleotemperatures between -3.6 °C and +32.3 °C (Tab. 26). 

The lowest temperature value of -3.6 °C was calculated for sample “Ra u. +16” between ash 

layer +14 and +16 and the highest value of +32.3 °C for sample “Kn+1_1”, which stems from 

ash layer +1. All but one paleotemperature value fall into a range between -4 °C and +18 °C 

(Fig. 29). 
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Fig. 29: Paleotemperatures indicated by δ18Odiatom values plotted against profile height. The 

grey area marks the temperature range of ikaite stability (Hu et al., 2014). The black arrow 

points to temperatures of ikaite transformation. 
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Tab. 26: Calculated paleotemperatures from a δ18OH2O value 

of -4.5‰ V-SMOW. According to equation 3 for the contamina-

tion with clay and silt minerals, all δ18Omeas were corrected. 
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5 Discussion 

5.1 Glendonite of the Fur Formation 

5.1.1 The internal structure of glendonite 

The glendonites of the Fur Formation are very large and occur in the shape of rosettes and 

blades. In contrast, these glendonites (maximum length of 1.5 m) are bigger than usually re-

ported for other localities. The observed crystal forms were previously reported by Selleck et al. 

(2007), Frank et al. (2008), Spielhagen and Tripati (2009), and Teichert and Luppold (2013). The 

glendonite depicts fir-tree zoning after Raven and Dickson (1989) at their crystal edges. This 

growth form is established when the growth ratio between two crystal sectors is periodically re-

versed. As a consequence, crystal boundaries are formed in zigzag shape. 

Only six proto-glendonite crystals sensu Teichert and Luppold (2013) consisting mostly 

of replacive calcite (rCc) have been found: below ash layers +14, +16, +44, +50, +56, and +62. 

The proto-glendonite was not protected against weathering by a surrounding carbonate concre-

tion. 

Four distinct calcite cement generations were investigated within the glendonite in this 

study. Other petrographic studies revealed that marine glendonite exhibits three cement gener-

ations with different geochemical compositions (David and Taylor, 1905; Boggs and Hull, 1975; 

Kaplan, 1979; Larsen, 1994; De Lurio and Frakes, 1999; Huggett et al., 2005; McLachlan et al., 

2006; Selleck et al., 2007; Frank et al., 2008; Grasby et al., 2017). In contrast, Greinert and 

Derkachev (2004) reported only two distinct cements of different origin, while Boggs (1972) and 

Teichert and Luppold (2013) were able to distinguish four cement generations. 

Following Teichert and Luppold (2013), the first cement generation was named “replacive 

calcite” (rCc), whereas Huggett et al., who in 2005 published some data of the glendonite of the 

Fur Formation, named this phase “type 1” (Tab. 27). The rCc usually occurs as 3.0 mm big, tabu-

lar to ovoid crystals and clusters with abundant organic matter. The organic matter is arranged 

in rings in the outer parts of the rCc, just like seen by Huggett et al. (2005) in back scatter electron 

microscope analyses. Boggs (1972) documented the arrangement of organic matter resulting 

from concentric inclusions of brownish organic matter. The rCc is the most MgCO3 depleted phase 

within the glendonite (Tab. 27) with an increasing MgCO3 concentration towards the edge of the 

granular, imperfectly formed calcites. The increasing concentration of MgCO3 towards the rim 

was previously documented by Huggett et al. (2005) and Teichert and Luppold (2013). 

The second cement phase within the glendonite is a yellowish spherulitic cement over-

growing the first calcite cement generation like a rim cement. Fine, brown organic dust (Fig. 12 B 

and D) and apatite (Fig. 13 A, B, and D) were often incorporated into the second cement phase. 

Pyrite was also found under reflected light microscopy in the glendonite of ash layers +10 and 
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+15. Due to its higher MgCO3 content (3.17 mol%), this phase was named Mg-ri in this study. 

Teichert and Luppold (2013) used the same name, but Huggett et al. (2005) called it “type 2” 

(Tab. 27). The high organic matter content leading to the yellowish colour was also proposed by 

Boggs and Hull (1975) and Huggett et al. (2005). 

Tab. 27: Energy dispersive X-ray analyses of various cement generations within 

the glendonite of this study and of Huggett et al. (2005). 

 

Unlike Huggett et al. (2005) who could not identify a secondary rim cement, the second-

ary rim cement (Fe-Mn-Mg-ri) observed here exhibits the highest concentrations of MgCO3, 

MnCO3, FeCO3, and BaCO3 (Tab. 27), when compared to other cement phases. Yet, the Fe and Mg 

contents of the secondary rim cement of the Fur Formation glendonite are not as high as reported 

by Teichert and Luppold (2013) for the glendonite of Early Jurassic age. 

The youngest cement generation is a calcite spar that filled the remaining pore space. 

Where present in a glendonite, it is less stable and extensively leached. This cement exhibits 

slightly higher Fe and Mg concentrations (Fe-Mg-c) than the rCc. Huggett et al. (2005) reported a 

CaCO3 of 93.27 mol%, a MgCO3 of 2.99 mol%, a FeCO3 of 1.69 mol%, and a MnCO3 of 1.98 mol% 

for the glendonite of the Fur Formation. In this study, the concentrations of Fe, Mn, and Mg are 

less than reported by Huggett et al. (2005) (Tab. 27). 

Ikaite formation and its transformation to glendonite were studied before (Larsen, 1994; 

Greinert and Derkachev, 2004; Tang et al., 2009; Zaoui and Sekkal, 2014). Larsen (1994) re-

ported that the replacive calcite (rCc) represents about 31.4% of the newly formed glendonite. 

The rCc is thought to precipitate during the initial phase of ikaite breakdown when the end of the 

stability field of ikaite is reached. The centre of the rCc depicts a very low content of magnesium 

in many crystals. Jansen et al. (1987), Schubert et al. (1997), and Buchardt et al. (2001) previ-

ously described the low magnesium concentration found within rCc. Stein and Smith (1985) sup-

posed that mixing processes of ikaite crystal water and surrounding interstitial water result in 

the zonation of the rCc with low a MgCO3 in the centre and a higher MgCO3 at the edges of the rCc 

at the ikaite breakdown. 

Both rim cements, i.e. Mg-ri and Fe-Mn-Mg-ri, precipitated from a mixture of the ikaite 

crystal water and the pore water migrating into the ikaite void caused by diffusional Mg-Ca ex-

change. At first, a rim cement with a mean content of MgCO3 (3 mol%) and higher MnCO3, FeCO3, 

and SrCO3 concentrations is precipitated from this solution. The secondary rim cement results 

from the remaining, totally enriched fluid that is still present after the precipitation of the first 
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rim cement. Hence, the secondary rim cement bears the highest concentrations of MgCO3, MnCO3, 

FeCO3, and BaCO3 found within the four different cement phases. 

The fill cement (termed Fe-Mg-c) is the youngest cement generation and was formed from 

a fluid that had lower concentrations of Mg2+, Mn2+, Fe2+, and Ba2+ than the fluid, which formed 

the secondary rim cement. The fill cement often leached away in the marginal part of the glendo-

nite suggesting dissolution processes of fill cement during weathering, or that the voids of the 

glendonite were not completely filled. This cement stems from a later, pore space filling, compo-

sitionally different pore fluid. This assumption can be justified by (i) the chemical composition 

of the fill cement that is different from the rCc and rim cements, and by (ii) the absence of organic 

matter within this cement phase. 

Open pore space was frequently found in tabular shapes in many glendonites surrounded 

by carbonate concretions (Fig. 7 A, C, and E). Teichert and Luppold (2013) proposed that the 

ikaite to glendonite transformation commences at the margin where a rim cement starts to grow 

around the rCc. Therefore, the shape of the ikaite could have been preserved in soft, marine sed-

iments. Due to the fact that the inner part of the ikaite is preserved from collapsing, the rCc could 

take a longer time to grow and, thus, is larger in the centre than at the margins. In this study, the 

largest rCc was discovered in the middle of the glendonite and in pipes forming the granular 

structure between margin and centre. When pore water fluid was able to enter the glendonite 

after the formation of the rCc and the rim cements, the open pore space of the pipes was filled 

with the youngest fill cement. 

The transformation of ikaite to glendonite was likely completed prior to the formation of 

the surrounding carbonate concretion. Otherwise, an inflow of pore waters from which the rim 

and the fill cements precipitated would have been impossible. Larsen (1994) suggested that the 

transformation of ikaite to glendonite occurred rather rapidly over a period of a day or more. 

However, considering the distinct differences in chemical and isotopic composition between the 

different cement generations, a longer time of transformation during diagenesis appears more 

likely. The assessment of the time span of an entire ikaite to glendonite transformation is diffi-

cult. 

Intact diatom frustules were discovered within the replacive calcite and within the first 

rim cement (Fig. 12 E). Thus, diatoms must have been embedded in the ikaite during ikaite for-

mation. Prior to this study, Geptner et al. (2014) reported diatoms within the glendonite of the 

White Sea. They denoted that the incorporation of diatom frustules results from the formation of 

carbonate material during the growth of glendonite. 
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5.1.2 The carbon source for ikaites and the newly built fill cements 

Carbon isotopes allow constraining the carbon source due to distinctly different carbon 

isotopic compositions of carbon-bearing compounds such as organic matter, marine or freshwa-

ter carbonates, oceanic dissolved inorganic carbon (DIC), or methane (Clark and Fritz, 1997). 

Moreover, processes of carbon cycling can be revealed due to diagnostic magnitudes in carbon 

isotopic fractionation associated with respective processes (e.g. Hayes, 1993). These isotope 

effects will be superimposed on the carbon isotopic source signature. 

Biosynthesis (e.g. via autotrophic carbon fixation) is generally associated with a prefer-

ential turnover of the light carbon isotope 12C, resulting in 13C depleted organic matter (Hoefs, 

2015). Marine organic matter is characterised by δ13C values between -22 and -17‰, while ter-

restrial organic matter is more depleted in 13C showing δ13C values between -27 and -20‰ 

(Rullkötter, 2006). In contrast, the oxidation of organic matter is not associated with a substan-

tial shift in the carbon isotopic composition of the resulting CO2. Bacterial methanogenesis via 

acetoclastic fermentation, in turn, results in two isotopically distinct carbon-bearing products, 

notably strongly 13C depleted methane and 13C enriched CO2 (e.g. Whiticar, 1999). Subsequent 

formation of DIC and, ultimately, mineral precipitation will result in 13C enriched - methanogenic 

- carbonates and δ13C values as high as +30‰ have been reported (Claypool and Kaplan, 1974). 

The formation of carbonates from DIC is accompanied by a shift in δ13C of ca. 1‰, but a larger 

shift (6 – 9‰) is associated with the initial hydrolysis of carbon dioxide during the formation of 

bicarbonate (HCO3-; Jimenez-Lopez et al., 2001). 

Modern marine carbonates as well as ancient carbonate rocks and biogenic carbonates 

display a mean δ13C value of 0 ± 5‰ (Veizer et al., 1999), although distinctly positive δ13Ccarb 

values characterise several time intervals in Earth history. The carbon isotopic composition of 

diagenetic carbonates that formed in the sediment is more complex. Their carbon isotopic com-

position includes 13C depleted as well as 13C enriched values. While the former indicates the 

turnover of organic matter (including methane consumption as suggested by strongly 13C de-

pleted values), the latter points to methanogenesis. Naturally, the mixing of different carbon 

sources will complicate an unequivocal identification of the carbon source and/or the process(es) 

that led to the formation of the carbonate under study. 

The bulk carbonate carbon isotopic composition of glendonite as well as concretions 

from the Fur Formation (Fig. 14 and Fig. 15) vary between -26 and -17‰ V-PDB. The 13C depletion 

observed suggests a strong contribution from the turnover of sedimentary organic matter. Ter-

restrial organic matter, notably wood from ash layer -25 of the Knudeklint Member, displays a 

δ13C value of -29.8‰ V-PDB. Individual carbonate phases within glendonite sampled at high 

spatial resolution reveal that the replacive calcite (rCc) displays the most depleted carbon iso-

topic composition with δ13C values as low as -24.7‰ V-PDB. The δ13C value of the rCc is sup-

posed to record the signature of the original carbon source for ikaite formation (e.g. Greinert and 

Derkachev, 2004; Lu et al., 2012). Frank et al. (2008) also reported that replacive calcite dis-

played the strongest 13C depletion. In contrast, carbonate rim cements and bulk concretions bear 
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13C enriched carbon isotope values. The strongest 13C enrichment is found in the late diagenet-

ically formed cement infills. 

13C depleted carbonates suggest that organic matter was the ultimate carbon source, 

likely derived via microbial decomposition. Previously, organotrophic sulphate reduction (OSR) 

was considered to be one of the most important processes for ikaite formation (e.g. Boggs, 1972; 

De Lurio and Frakes, 1999; Geptner et al., 2014). In addition, Greinert and Derkachev (2004) as 

well as Price and Nunn (2010) proposed that anaerobic oxidation of methane could be another 

formation process for ikaite. Less 13C depleted carbonate precipitates suggest a decrease in the 

contribution of DIC resulting from the turnover of organic matter and the admixture of another, 

more 13C enriched carbon source. This could point to a higher contribution of marine DIC, suggest 

the dissolution of marine carbonate in acidic pore water, or indicate an increasing importance of 

methanogenesis at greater burial depth (Huggett et al., 2005). 

The carbonate carbon isotopic composition of glendonite has been investigated before, 

mostly via bulk carbonate analyses (Greinert and Derkachev, 2004; Huggett et al., 2005; Selleck 

et al., 2007; Spielhagen and Tripati, 2009; Geptner et al., 2014; Morales et al., 2015), but few 

studies separated individual carbonate phases (Frank et al., 2008; Teichert and Luppold, 2013). 

Previous studies of glendonite from the Fur Formation yielded a range in δ13C between -25.2 

and -21.2‰ V-PDB (Pedersen and Buchardt, 1996; Huggett et al., 2005). 

The results of carbonate carbon isotope reported in this study resemble previous obser-

vations. The analysis of individual carbonate phases, distinguished by detailed petrography and 

microdrilled, identify a transition from 13C depleted replacive calcite, which formed early, to late(r) 

diagenetic cement infills, which exhibit less depleted δ13C values. This transition indicates a 

change in the carbon source, notably a decrease in the contribution of carbon from organotrophic 

microbial sulphate reduction to the DIC pool and an increasing contribution of isotopically heavy 

DIC. Whether this reflects a higher contribution of marine DIC or whether this indicates bacterial 

methanogenesis remains unclear. 

Ikaite formation occurred within the sediment as evident through the disruptions of lam-

ination in the diatomite caused by the growth of ikaite crystals (Fig. 7 C and D). Considering an 

important contribution from microbial sulphate reduction, as revealed by the 13C depleted nature 

of the early diagenetic replacive calcite (rCc), ikaite formation is likely constrained to the shallow 

subsurface, possibly within 10 m of the sediment-water interface (De Lurio and Frakes, 1999; 

Kodina et al., 2003; Zu et al., 2012; Teichert and Luppold, 2013; Grasby et al., 2017). Zhou et al. 

(2015) defined an ikaite-formation zone (IFZ) based on the distinct concentration depth profiles 

of Ca2+ and DIC. These authors concluded that the IFZ is located close to the sulphate-methane 

transition zone (SMTZ). Besides Ca2+, DIC, sulphate and organic matter, the main factor con-

straining ikaite formation is a high concentration of orthophosphate, being the strongest inhibi-

tor of calcite formation (Brooks et al., 1950; Berner and Morse, 1974; Burton and Walter, 1990; 

Bischoff et al., 1993; Hu et al., 2015). 
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5.1.3 Oxygen isotopes – temperature estimates vs. pore water composition 

The δ18Ocarb values of this study range between -3.6 and -1.7‰ V-PDB and agree well with 

the previously measured data of -2.8‰ (Pedersen and Buchardt, 1996), -1.2 and -0.8‰ (Hug-

gett et al., 2005) for the glendonite of the Fur Formation. 

Stable oxygen isotopes of glendonite were used for the reconstructions of the paleotem-

perature or the isotopic composition of the surrounding water during the precipitation in previ-

ous studies (De Lurio and Frakes, 1999; Greinert and Derkachev, 2004; Frank et al., 2008). Due 

to the fact that calcite was formed directly after the transformation of ikaite to glendonite, the 

fractionation factors for calcite and ikaite were proposed to lie in the same range (De Lurio and 

Frakes, 1999; Buchardt et al., 2001; Kodina et al., 2003). Here, a fractionation factor of 1.01049 

after Kim and O´Neil (1997) was used for the temperature reconstruction. Assuming a δ18O value 

of -1‰ V-SMOW for Early Eocene seawater, because no sea ice has been found, temperatures of 

the ikaite decomposition ranging between +20.3 and +23.1 °C (calculation after Kim and O´Neil 

(1997)) are proposed. The rCc oxygen isotope value reflects the δ18Ocarb isotopic composition at 

the point of the ikaite to glendonite transformation. As a consequence, only this temperature can 

be reconstructed (Frank et al., 2008; Oehlerich et al., 2013). The Early Eocene was taken for the 

time of the ikaite transformation, because the ikaite to glendonite transformation is expected to 

have occurred during early diagenesis. 

Suess et al. (1982) and Whiticar et al. (1998) proposed that the lighter δ18O values reflect 

an increasing degree of dehydration and that the oxygen isotope signal is lost during dehydration 

at the breakdown of ikaite because of the reequilibration with aqueous phases at new tempera-

tures. Rickaby et al. (2006) noted δ18O values to be 1-2‰ lower than expected due to kinetic 

controls on oxygen isotope fractionation during ikaite decomposition. Considering this, newly 

calculated paleotemperatures for the decomposition of ikaite fall in a range between +10 and 

+15 °C. 

Hu et al. (2014) proposed that the decomposition of ikaite occurs at a temperature above 

+4 °C. In contrast, De Lurio and Frakes (1999) estimated a temperature range of +5 to +8 °C for 

the transformation of ikaite into glendonite and, thus, calculated δ18O values of -3.4 to -2.6‰ V-

SMOW for the surrounding pore waters. Paleotemperature measurements based on the clumped 

isotopes (Δ47) of two replacive calcite sample of the glendonite yield an average temperature 

value of +6 °C (further discussed in chapter 5.3). Based on this average temperature, the equa-

tion of Kim and O´Neil (1997) was solved for the δ18O of the ambient pore water (δ18OH2O). Con-

sidering the δ18Ocarb values of this study, recalculating the δ18OH2O value yields -4.5‰ V-SMOW, 

comparable to Geptner et al. (2014) who reported -4‰ for their pore water. Such negative values 

of pore water cannot be ruled out and are discussed in the following passages. 

Teichert and Luppold (2013) proposed that during the transformation from ikaite to glen-

donite the oxygen equilibrates with the surrounding pore or seawater and that there are many 

uncertainties about the bottom water isotopic composition like changes due to diageneses, the 

influx of meteoric waters, etc.. The influence of meteoric groundwater mixing with the bottom 
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water in the Danish Basin was considered because of the vicinity of the glendonite bearing lo-

calities towards the coast and a possible input of groundwater. Van Geldern et al. (2013) re-

ported fresh groundwater in flat-lying lenses with a mean δ18O composition of -6.9‰ V-SMOW 

for the recent meteoric recharge of groundwater in 100 to 130 km offshore on the Atlantic conti-

nental shelf. Boggs (1972) and Selleck et al. (2007) denoted a modification of δ18OH2O values 

towards 18O depleted values of the formation of ikaites during interchange with meteoric and 

connate waters. The sediments of the Fur Formation were deposited not more than 100 km away 

off the Scandinavian coast during the Early Eocene (Larsson, 1975; Pedersen, 1981; Ansorge 

and Reich, 2004; Pedersen et al., 2011). Thus, groundwater influence during the formation of 

ikaite cannot be ruled out. 

In addition to meteoric water, Permian salt brines could have influenced the oxygen iso-

topic composition of the pore water. Several salt domes consisting of Permian Zechstein salts 

were found in the underground of the Fur Formation (Madirazza, 1976; Larsen and Baumann, 

1981; Jørgensen et al., 2005; Pedersen et al., 2011). Kloppmann et al. (2001) denoted δ18O val-

ues lighter than -8‰ V-SMOW in the Permian salt brines of NW Germany. Dowgiallo and Ton-

giorgi (1993) reported δ18O values between -9 and -3‰ in Mesozoic salt brines of NW Poland, 

while Fontes and Matray (1993) measured -2 and +4‰ in two brines of different origins within 

the Permian Paris Basin. Therefore, the δ18O isotopic composition of Permian salt brines plots in 

a wide range of values, but most salt brines depict negative δ18O values. De Lurio and Frakes 

(1999) assumed a low δ18O isotopic composition of pore water to be an indicator for hypersaline 

water. Therefore, a direct influence of the Permian salt brines on the formation of ikaite within 

the Fur Formation might be possible (see chapter 5.1.5). 

Microbial sulphate reduction was another factor of the 18O depletion of ancient pore wa-

ter within the sediments where the formation of ikaite occurred. During microbial sulphate re-

duction, the 18O depleted oxygen from the sulphate ions succeeds in getting into the pore water 

bicarbonate reservoir, whose bicarbonate is used afterwards for the formation of ikaite (Sass et 

al., 1991). 

An alternative factor influencing the δ18OH2O towards lighter values are volcanic ash lay-

ers. Ca. 200 individual ash layers were identified in the Fur Formation. The glendonites with their 

surrounding carbonate concretions often occur below several of these ash layers. Water-rock in-

teraction during the low temperature alteration of these ash layers is supposed to shift the δ18O 

of the pore fluid towards more 18O depleted values (ca. -3‰ V-SMOW) due to the formation of 

smectite of basalts, ashes, and continental detritus (Lawrence et al., 1979; Lawrence and Tavi-

ani, 1988; Mozley and Burns, 1993; Dale et al., 2014). Due to the fact that the ikaite of the Fur 

Formation was formed within the sedimentary column, an influence of volcanic ash alteration on 

the oxygen isotopic composition of ikaite is expected. 
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5.1.4 Apatite as limiting factor for bulk δ18O analyses of glendonite samples 

Interestingly, the bulk δ18Ocarb analyses of the glendonite yield values outside the range 

of respective values for the three individual cements (rCc, ri, and c; Fig. 14). During microscopic 

and microprobe analyses, the mineral apatite was often found within the first rim cement. Apatite 

holds a certain concentration of carbonate within its structure. Consequently, apatite can change 

the δ18Ocarb values towards δ18O depleted values. This is supported by the observation that the 

shift in the bulk δ18Ocarb values of glendonite correlates with the concentration of phosphate, 

which is the main anion of apatites (Tab. 28 and Fig. 30). The glendonites +9b of ash layer +9 

and +15c of ash layer +15 show the highest phosphate contents. These samples are seen as 

offset samples due to another geochemistry (higher content of pyrite and apatite if compared to 

other glendonites) and, therefore, are not considered for the trend line of figure 30. However, the 

difference between bulk sample and the average value of the drilled cements correlate with the 

phosphate content for glendonites of a similar mineral composition. 

Orthophosphate is required to stabilise ikaite (Burton, 1993; Bischoff et al., 1993; 

Larsen, 1994; De Lurio and Frakes, 1999; Buchardt et al., 2001; Hu et al., 2015) and is often 

incorporated into the glendonite as apatite (Huggett et al., 2005; McLachlan et al., 2006; 

Teichert and Luppold, 2013). Selleck et al. (2007) denoted glendonite within phosphate nod-

ules. Carbonate can be incorporated in apatite (Chickerur et al., 1980). As a consequence, the 

δ13C and δ18O isotopic composition of these carbonates can be measured in mass spectrometers 

as CO2 gas (Kolodny and Kaplan, 1970; Iacumin et al., 1996). The carbonate δ18O isotopic com-

positions found within the apatites are difficult to measure if the apatites are situated in car-

bonates. In continuing studies, the separation of the oxygen isotope signal of the glendonite 

calcite and the carbonate of the apatites within glendonite should be attempted. Therefore, it 

will be necessary to gather enough and pure material from the apatites by microdrilling. 

Tab. 28: Average values of the bulk samples compared to the average values 

of the micro twist drilled samples of the various cement phases against the 

XRF results for the apatite. 
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Fig. 30: Plot of the difference between the average of δ18O of the bulk drilled values and the aver-

age of δ18O of the drilled cement values against the concentration of apatite within the glendonite 

samples. 

Consequently, all δ18Ocarb data that stem from powder samples drilled by a 2.3 mm thick 

microdrill and bulk samples in general should be used with care. The δ18O lowering impact of 

carbonate inside the apatite cannot be excluded and should be taken into account if oxygen data 

are used for paleotemperature reconstructions. 

 

5.1.5 Did the ash layers enhance the chance for ikaite formation? 

One important fact for the formation of ikaite can be the vicinity of volcanic ash layers. 

Almost all glendonites have been found below certain ash layers (Fig. 7 and Fig. 8). All glendo-

nites are located in the positive tholeiitic ash series and the ash layers holding glendonite are 

more than 7 cm thick. Thus, the thickness and the geochemistry of the ash layers might have 

contributed to the formation of ikaite. The thickness of an ash layer can point towards a cooler 

time after volcanic eruptions increasing the chance of ikaite formation during the warm Early 

Eocene. This is improbable, because, in the Danish Basin, there were ca. 500 m of water between 

ikaite formation depth and the atmosphere where the cooling took place. Therefore, a direct re-

sponse in form of the formation of ikaite to a short term climatic cooling after an eruption seems 

unlikely. 

After the deposition on the seawater surface, volcanic ash particles alternated in the wa-

ter column and in the sedimentary column. Minerals were often etched, reworked to other min-

erals, and, thus, ions were released into the seawater and pore water. Due to the alteration of 

volcanic ash, clay minerals like smectite and palagonite were formed (Bonatti, 1965; Kawano 
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and Tomita, 2001; Teichert et al., 2009). Larsen et al. (2003) denoted heavily altered ash layers 

that were changed to clayey layers (also Madirazza and Fregerslev, 1969; Malm et al., 1984; 

Morton and Knox, 1990). Assuming the formation of clay minerals at the level of an ash layer, 

the formation of a layer with a lower permeability was established. This impermeable layer pre-

vented pore waters, which bore a certain amount of captured pore water and Zechstein salt 

brines to migrate upwards causing supersaturation of Ca2+ and HCO3-. All glendonite crystals 

found within carbonate concretions stem from the Northern part of the island Mors (Tab. 3). 

Jørgensen et al. (2005) mapped the underground structures of Mors via large-scale transient 

electromagnetic method (TEM) surveys. They were able to prove the migration of salt diapirs be-

low Mors and their associated faults. All glendonite sites of Mors are in the vicinity of a fault, 

which was identified during the study of Jørgensen et al. (2005). Glendonite moulds were ob-

served on Fur at the Knudeklint site. Unfortunately, no TEM survey was conducted on the island 

of Fur, but a salt diapir is known ca. 10 km SE of the Knudeklint site (Pedersen and Surlyk, 1983). 

In order to check this assumption, Sr and Ca isotopes were measured to gain insight into 

the origin of the Ca2+ ions that are needed to form ikaites. 87Sr/86Sr ratio vary depending on the 

source of Sr (Fig. 31). Zechstein salts, volcanic ash layers, sea water, and the riverine inflow of 

weathered continental rocks contribute to the Sr pool. Hence, the measured 87Sr/86Sr ratios point 

to the Sr source. All rCc and ri cements plot below the seawater 87Sr/86Sr values of Howarth and 

McArthur (1997), McArthur et al. (2001), and Hodell et al. (2007). Solely the fill cements have 

higher 87Sr values. Therefore, they range within or above those of the reconstructed Early Eocene 

seawater (Fig. 31). Almost all 87Sr/86Sr values of the bulk analyses depict lower, less radiogenic 

87Sr depleted isotopic compositions than the various cements. Due to the fact that the volcanic 

ash layers depict Sr values between 0.704 and 0.706 (Larsen et al., 2003) or between 0.704 and 

0.705 (Morton and Evans, 1987), the alteration of volcanic ash layers was identified as another 

Sr source (Fig. 32). An additional, but possible, Sr source could have been the brines of the Per-

mian Zechstein salt diapirs. Just like Veizer and Compston (1974), Burke et al. (1982), and Martin 

and MacDougall (1995), Rahimpour-Bonab et al. (2009) analysed 87Sr/86Sr values of 0.7069 to 

0.7075 within the anhydritic limestones of the Dalan Formation of the Persian Gulf. Due to the 

fact that the rCc and ri cements of the glendonite and all bulk analyses fall below the estimated 

seawater Sr values, it cannot be excluded that Permian salt brines migrated upwards into the Fur 

Formation. 

Mixing calculation (see equation 4) using 87Sr/86Sr values of Early Eocene seawater (McAr-

thur et al., 2001) and of the ash layers of the Fur Formation point to max. 2% Sr2+ from the vol-

canic ashes for the formation of ikaite. 

87Sr/86Srmeas = c[ash] * 87Sr/86Srash + c[seawater] * 87Sr/86Srseawater (4) 

Using the Early Eocene seawater 87Sr/86Sr ratio of McArthur et al. (2001) and an average 

value of 0.7072 for the Zechstein salt brine, a proportion of 4 – 7% Zechstein salt brine was 

calculated for the ikaite formation. The biggest part of the Sr2+ ions stem from the seawater that 

was entrapped within the sedimentary column after the deposition of the diatoms and the ash 



 

89 

 

Discussion 

layers. The fill cements bear 87Sr enriched values pointing either to seawater influence during the 

diagenesis or, more probable, to later diagenetic 87Sr enriched pore waters. 

 

Fig. 31: 87Sr/86Sr of bulk samples and drilled cement phases of the glendonites and their sur-

rounding carbonate concretions. The 87Sr/86Sr ratio of seawater at the time point of 55.5 m.a. for 

ash layer +19 as an average value is shown as shaded area. 

In addition to Sr isotopes, the 44Ca/40Ca isotopic composition was determined to identify 

possible Ca2+ sources (Fig. 33). All δ44/40Ca values lie in a range between 0.57 and 0.80‰ nor-

malised to the standard SRM915a. An increase in 44Ca enriched values is discernible from the 

lower glendonite bearing horizons to the highest glendonite horizon of ash layer +62. The aver-

age value of the glendonite of ash layer +9 was 0.62‰, followed by ash layer +10 and +15b,c 

with 0.71‰ to 0.76‰ at ash layer +62. The higher 44Ca/40Ca values of the +62 glendonite mate-

rial can indicate that the depth of formation of the +62 glendonite occurred higher in the sedi-

mentary column than at the older glendonite layers between +9 and +16. Due to the formation of 

calcite in the upper metres of the sedimentary column, the 44Ca/40Ca isotopic composition and 

the calcium concentration decrease with depth (Teichert et al., 2005). 
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Fig. 32: 87Sr/86Sr ratios of bulk powders of glendonite crystals and their surrounding 

carbonate concretions together with the 87Sr/86Sr ratios of volcanic ash layers and 

Eocene seawater. 
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De La Rocha and DePaolo (2000) estimated a Ca isotopic composition to be -0.3‰ (nor-

malised to a standard used by Skulan et al. (1997)) for Early Eocene marine carbonates. Recal-

culation this value into an SRM915a normalised value yields a value of +0.7‰ SRM915a (Niko-

laus Gussone, pers. comm.). Assuming a similar isotope fractionation, the Ca2+ ions stem from 

the overlying seawater that was trapped in the sedimentary column after the accumulation of the 

sediments. Comparing Early Eocene seawater value of 0.7‰ SRM915a to other Cenozoic sea-

water values, the Early Eocene seawater was enriched in the heavy 44Ca isotope due to a higher 

weathering input as the result of global warming (De La Rocha and DePaolo, 2000). Due to the 

fact that our data exclusively reflect the estimated value of Eocene seawater, the ikaite and sub-

sequent glendonite were formed in a proximal layer that was located not very deep in the sedi-

mentary column. The δ44/40Ca isotope data of the fill cements are little enriched in 44Ca which 

could be a sign of bigger depth of formation or later diagenetical processes, which was already 

seen within the carbonate oxygen isotopes as well. 

 

Fig. 33: δ44/40Ca isotopes of various cement generations within the glendonite. 
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5.1.6 Paleoenvironmental conditions of ikaite formation and transformation 

As already discussed in chapter 5.1.2, ikaite is believed to have formed at shallow depths 

in the sedimentary column. Few metres of the shallow subsurface were denoted to be the for-

mation depth of ikaite by several authors (Boggs and Hull, 1975; De Lurio and Frakes, 1999; 

Frank et al., 2008; Pedersen et al., 2011; Teichert and Luppold, 2013). Ikaite is expected to form 

within the uppermost 10 metres below the sediment-water interface due to plastically deformed 

surrounding sediments. 

The Fur Formation exhibits a high content of organic matter. Microbially induced reminer-

alization of organic matter results in an enrichment of phosphorous levels in the pore water. This 

might have caused the formation of ikaite while the formation of calcite and aragonite was pre-

vented (e.g. Bischoff et al., 1993; Hu et al., 2015). A high total sulphur content in the surrounding 

carbonate concretions and in two glendonite samples of ash layers +9 and +15 suggests anoxic 

conditions in the pore waters. 

The δ34S and δ18O values of the CAS were measured in order to gain further insights into 

the process of ikaite formation. Clearly, the δ18OCAS and δ34SCAS values of the glendonite are more 

enriched in 18O and 34S than the respective carbonate concretions (Fig. 34). The lowest δ18OCAS 

and δ34SCAS values of glendonite were measured for those samples exhibiting the highest con-

centrations of pyrite. The δ34SCRS values of these pyrites range between -27 and -35‰ for glendo-

nite +9b and +15c, respectively. 

 

Fig. 34: δ18OCAS and δ34SCAS values are given in this diagram. Glendonites and their sur-

rounding carbonate concretions are linked with a line. 
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Most glendonite samples display δ34SCAS values between +50 and +70‰ pointing to the 

zone of sulphate reduction via microbial organic matter degradation (Fig. 34). Loyd et al. (2012) 

studied the formation of concretions and its impact on the sulphur and oxygen isotopic compo-

sition of CAS. These authors delineated four different groups indicating differences in the depo-

sitional framework. The glendonite of the Fur Formation frequently falls within group 2 of Loyd et 

al. (2012), i.e. precipitation in the zone of sulphate reduction. The glendonite of ash layers +9b, 

+15c and +16b display δ34S values between +15 and +40‰ suggesting that they were formed in 

shallower depths of the sedimentary column or during weaker OSR. Due to its high CAS concen-

tration, which is close to the sulphate concentration of Eocene seawater of 7 mM (Wortmann and 

Paytan, 2012), the CAS values of the +62 glendonite fall into group 1 of Loyd et al. (2012) and, 

thus, suggest a formation at shallower depth possibly within the nitrate reduction zone. In gen-

eral, the δ34S values of the glendonite are much higher, i.e. 34S enriched, compared to Early Eo-

cene seawater with values between +17 and +19‰ (Paytan et al., 1998; Kurtz et al., 2003; 

Kampschulte and Strauss, 2004). 

The carbonate concretions were formed after the ikaite to glendonite transformation 

which is in contrast to a proposed syngenic formation of carbonate concretions (Boggs and Hull, 

1975; Geptner et al., 2014). Instead, the carbonate concretions formed during early diagenesis 

and at low compaction as indicated by the high carbonate content of ca. 75 to 80 wt%. Boggs 

(1972) recorded no compaction at the time of the ikaite formation and proposed reducing con-

ditions within a watery, organic-rich mud that was enriched in S, CO2, H and N due to the decay 

of organic matter. As displayed in figure 34, the concretions exhibit the lowest δ18OCAS and δ34SCAS 

values, but the concretions were still categorised in group 2, i.e. sulphate reduction, of Loyd et 

al. (2012) (Fig. 35). Because of the lower sulphur isotopic values of the concretions similar to the 

δ34S of the seawater, the concretions are supposed to have formed in early diagenetic processes 

under use of the seawater sulphate as main sulphur source for the OSR. Since carbonate concre-

tions formed after the transformation of ikaite to glendonite, the carbonate concretions formed 

in a phase of decreased sulphate reduction. This was triggered by the limitation of one parameter 

required for the organotrophic sulphate reduction via microbial decomposition of organic matter. 

In summary, ikaite grew after the deposition of the diatomite and the ash layers, followed 

by the transformation from ikaite to glendonite. The ikaite formed within the zone of or-

ganotrophic sulphate reduction under use of entrapped seawater (Ca2+ and SO42- ions) and or-

ganic matter below bigger ash layers that were alternated to impermeable clayey layers. The tran-

sition from ikaite to glendonite occurred due to shifts in the geochemical boundary conditions. 

Yet, the period for this transition remains elusive. 
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Fig. 35: Plot of CAS data of glendonite crystals and their surrounding carbonate concretions with 

(A) the δ34SCAS values and (B) the content of CAS are plotted against the δ13Ccarb values of the glen-

donite crystals and their surrounding carbonate concretions. 
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5.2 Carbonate concretions and volcanic ash layers of the Fur Formation 

5.2.1 Volcanic ash layers – Their possible impact on the formation of carbonate con-

cretions 

Bøggild (1918) was the first to describe ash layers of the Fur Formation and to establish 

a numbering of 179 ash layers. He proposed a negative ash series with 39 ash layers and a pos-

itive ash series with 140 ash layers. Due to difficulties during his first field observations in the 

years 1913 to 1916, Bøggild solely noticed the positive ash series and numbered its ash layers. 

At some point, he realised that below these ash layers there are of them and he decided to give 

them negative numbers and to keep the numbering of the positive ash series, because ash layer 

+1 is well recognizable for correlation purposes (Bo Schultz, pers. comm.). Many other authors 

have described volcanic ash layers of the same origin deposited on the European continent and 

within the North Sea Basin (e.g. Knox and Harland, 1979; Huber et al., 2003; Larsen et al., 2014). 

The volcanic ash layers consist of yellow, dark brown to black sharp-edged glass particles 

of a grain size ranging from fine sand to coarse silt (Pedersen et al., 1975; Pedersen and Surlyk, 

1977; Larsen et al., 2003; Pedersen et al., 2011). Graded bedding was observed in most of the 

investigated ash layers (Bøggild, 1918; Pedersen, 1981; Pedersen et al., 1975, 2011). Dish and 

pillar structures within ash layers due to upward decreasing permeability have been found in ash 

layers +114 and +118. In these layers, water was released after the deposition of the specific 

ash layer forming these structures (Pedersen, 1981; Pedersen et al.; 2011). 

In this study, two ash layers (+9 and +62; Tab. 12) were investigated using a microprobe. 

Geochemical compositions are comparable to data reported by Madirazza and Fregerslev (1969), 

Pedersen et al. (1975), and Larsen et al. (2003), except for lower Al concentrations in both sam-

ples. Larsen et al. (2003) defined both ash layers to be evolved, tholeiitic ferrobasalts, which 

stem from comagmatic eruptions of one single igneous suite, the East Greenland Gardiner com-

plex. These tholeiites were formed within the rift during the widening of nascent Proto-Iceland, 

where a violent phreatomagmatic activity in shallow water depth occurred caused by the contact 

of magma with the seawater (Larsen et al., 2003). 

The 87Sr/86Sr ratios were measured for four ash layers with values ranging between 0.704 

and 0.707 (Fig. 36). The data are comparable to results published by Morton and Evans (1988) 

and Larsen et al. (2003) (Tab. 13) and even the high 87Sr/86Sr value of 0.707 of ash layer +19 was 

reproduced pointing to changes in the 87Sr/86Sr ratio due to another ash chemism. The ash layer 

+19 is a rhyolite of peralkaline composition ejected during a cataclysmic eruption in the rift zone 

(Larsen et al., 2003). 

The ash layers usually resulted from a single eruption, but a few ash layers are double layers (ash 

layers +14, +16, +18, +30, and +90) containing two graded ash layers deposited on top of each 

other. These two eruptions are thought to have taken place within one year (Bøggild, 1918; 

Larsen et al., 2003). Following their eruption, the volcanic ash particles were transported by pre-

vailing winds (Pedersen et al., 1975) in SE direction over a distance of 1,200 km (e.g. Knox and  
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Fig. 36: Bulk 87Sr/86Sr ratios of carbonate concretions together with 87Sr/86Sr ratios of volcanic 

ash layers and Eocene seawater. 
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Harland, 1979; Pedersen et al., 2011). The settling rate of the volcanic ash layers within the ma-

rine water column was very high, as only few diatoms can be found within the ash layers. All 

volcanic ash particles settled down within a few days, as calculated by Pedersen (1981), who 

computed a duration of three days for the settlement of fine-grained sand particles at a speed of 

15-60 cm/min and a water depth of maximum 500 m. Clay minerals found within diatomite 

above volcanic ash layers are thought to represent weathered ash material, which was trans-

ported into the Danish Basin by rivers (Madirazza and Fregerslev, 1969; Kender et al., 2012). 

Volcanic glass particles were directly altered after the fall out. Thus, many mineral 

phases, which are usually found in fresh airborne ash deposits, could not be identified within 

the volcanic ash layers (Pedersen et al., 2011). Water-rock interactions in a cool environment 

were previously proposed in this work (chapters 5.1.3 and 5.1.5). Halmyrolytic processes led to 

the formation of montmorillonite at moderate pH and negative Eh (Madirazza and Fregerslev, 

1969; Fairbridge, 1967). Smectite, a product of pyroclastic rock weathering, is often found within 

volcanic ash layers and in the diatomite (Heilmann-Clausen et al., 1985). Seafloor weathering 

and other alteration processes produce high volatile contents within volcanic ash particles 

(Larsen et al., 2003; Fig. 19 C and D). According to Larsen et al. (2003), the volcanic ashes gained 

SiO2 and Al2O3 and lost Fe, CaO, and MgO in the Silstrup Member. Compared to the ash layers of 

the Knudeklint member, those of the Silstrup Member are less altered, but some are also partially 

converted to clay minerals (Pedersen et al., 2011). 

The best preservation of ash particles is given in the carbonate concretions showing the 

least amount of clay minerals (Pedersen et al., 1975; Larsen et al., 2003). Carbonate concretions 

are often spatially connected to volcanic ash layers. While glendonite is frequently found below 

ash layers, the carbonate concretions grew around the volcanic ash layers. Hence, ash layers can 

often be traced into the centre of the carbonate concretions. It is proposed here that the volcanic 

ash layers might have acted as a nucleus for the growth of the carbonate concretions. Their for-

mation could have been triggered by the leaching of ions from volcanic ash layers caused by 

water-rock interactions. Pedersen and Buchardt (1996) described that the horizontal permeabil-

ity exceeded the vertical permeability within volcanic ash layers. This can indicate that the car-

bonate concretions formed as a result of a high ion concentration in pore waters around volcanic 

ash layers. 

The δ18Ocarb data of the volcanic ash layers show slightly 18O enriched values when com-

pared to the values of the diatomite within the carbonate concretions. This could be a conse-

quence of the low temperature alteration of volcanic glass particles lowering the oxygen isotopic 

composition of the pore water (Lawrence et al., 1979; Lawrence and Taviani, 1988; Mozley and 

Burns, 1993; Dale et al., 2014) and causing a 18O enrichment within the carbonate cement of the 

ash particles. 
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5.2.2 Carbonate concretions – shape and composition 

The carbonate concretions vary in size and distribution, they are 5 to 70 cm thick, and 

ellipsoidal in shape. Most concretions and cemented layers are found within the Silstrup Mem-

ber. This was already delineated by various authors (Benda, 1972; Pedersen et al., 1975; Peder-

sen, 1981; Pedersen and Surlyk, 1983; Pedersen and Buchardt, 1996; Pedersen et al., 2011). 

Forchhammer (1835) described cemented horizons between ash layers -13 and -10, be-

tween +25 to +30, at +101/+102, and at +130. Andersen (1948) proposed that pore waters ce-

mented layers into cementsten and he described that most of the cementsten occur between ash 

layers +25 and +30. Pedersen and Buchardt (1996) added two horizons: one between ash lay-

ers -11 and +1 and the other below +19. Carbonate concretions locally occur above ash layer -17 

and between ash layers +60 and +62 (Pedersen and Buchardt, 1996; Pedersen et al., 2011). They 

concluded that concretions are genetically more linked to distinct stratigraphic levels than to a 

certain sedimentary facies or to the distribution of fossils. 

The highest carbonate concentration (CaCO3) was detected in the centre of most of the 

concretions, but the highest CaCO3 content was measured in the lower part of a few concretions, 

too. The higher CaCO3 concentrations might indicate that the formation of the carbonate concre-

tion started in the centre and at the lower part or that the rim material leached out during weath-

ering processes. As the concretion started growing, the enclosing sediments got compacted re-

sulting in a lower CaCO3 concentration at the margin (Raiswell, 1971; Oertal and Curtis, 1972; 

Coleman, 1993; Pedersen and Buchardt, 1996). The lowest CaCO3 concentration within car-

bonate concretions was measured within the ash layers. The initial porosity of the sand sized 

volcanic ash was lower than the porosity of the diatomite resulting in lower carbonate contents 

in the ash layers. According to Nielsen (1974), the concentrations of Ca and Mn are enriched 

within the concretions, while Fe and Mg are depleted. Furthermore, the porosity is greater inside 

the concretion than outside within the host sediment (Nielsen, 1974). Pedersen and Buchardt 

(1996) proposed that the present porosity of the incorporated diatomite ranges around 60%. 

 

5.2.3 Carbon cycling within the Fur Formation – Signals from the PETM? 

In several concretions, the lightest δ13Ccarb value was measured in the centre of the partic-

ular concretion. The distribution of the δ13Ccarb is not entirely the same: some concretions display 

variations across the whole concretion in their δ13Ccarb isotopic composition. Hence, no trend was 

visible in the distribution of the δ13Ccarb values within those concretions. In contrast to observa-

tions made in this study, Pedersen and Buchardt (1996) did not detect any systematic change in 

δ13C within a concretion. The δ13Ccarb values of the calcitic bound volcanic ash layers fall within 

the same δ13Ccarb range of the diatomite bearing concretions (Fig. 22). 

The δ13Ccarb values of the concretions range between -26 to -15‰ V-PDB suggesting that 

the formation of the carbonate concretions was mostly driven by organotrophic sulphate reduc-
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tion (OSR), using C3 plants mixed with carbonates from other sources like the anaerobic oxida-

tion of methane. Minor contributions to the carbonate pool are dissolved marine limestones and 

marine DIC. Some carbonate concretions, like the ones in the interval between ash layers -20 

and -13, exhibit 13C enriched δ13Ccarb values suggesting the process of methanogenesis for their 

carbonate source. 

The δ13Ccarb values across the Fur Formation display higher, 13C enriched values between 

ash layers -20 and -13, but smaller shifts are detectable across the whole section (Fig. 37). In 

total, the δ13Ccarb values of the calcitic concretions range between -24 and -6‰, whereas the 

ankerite concretion of ash layer -20 and the dolomite concretion of ash layer -17 depict 13C en-

riched values with +6 and +7‰, respectively. Pedersen and Buchardt (1996) measured similar 

δ13Ccarb values between -23 and -6 and concluded that these values indicate an intermediate mix-

ture between DIC derived from the mineralization of organic matter and normal marine DIC, with 

bacterial DIC being the dominant carbon source. As the carbonate concretions are not bound to 

lamination and fossils, Pedersen and Buchardt (1996) explained the formation of these car-

bonate concretions via blooms of plankton that produce organic carbon and CaCO3, which fall 

onto the seafloor. Both components, the organic carbon and the CaCO3, are used in the process 

of OSR within the sedimentary column. 

The highest C/N ratio was measured in the ankerite sample of ash layer -20 showing a 

low concentration of N, followed by the dolomite of ash layer -17. The C/N ratio of the dolomite 

concretion is slightly lower compared to those of the calcitic concretions. Nielsen (1974) re-

ported that the organic-bound carbon concentration is higher in the lowest layers of the Fur For-

mation and in the cementstone layers. The C/N ratios oscillate across the profile, but the lowest 

value was measured for the concretion of ash layer -33 (Fig. 37). Diatomite samples taken a short 

distance above and below ash layer -33 depict C/N ratios between 20 and 30. Hence, the value 

(0.4) of the concretion -33 is considered as an offset value. In fact, the decarbonated sample of 

the concretion of ash layer -33 yielded a high volume of non-condensable gases during the prep-

aration for δ13Corg measurements pointing to a chemical behaviour different from all other con-

cretions. 

C/N ratios greater than 20 have been identified for terrigenous organic matter, while C/N 

ratios between 3 and 13 have been measured for marine organic matter (Schulz and Zabel, 

2006). The varying C/N ratios across the profile reveal changes in the influx of terrestrial organic 

matter caused by climate changes (mainly precipitation) resulting in changes in river discharge. 

Based on their δ18Ocarb results, Schmitz et al. (1996) recognised an influence of fresh water input 

into the Danish Basin in the Early Eocene. According to Knox (1996), the benthic community, the 

relative dominance of terrestrial palynomorph assemblages, and the composition of clay mineral 

assemblages point to significant environmental changes at the Palaeocene-Eocene boundary in 

the North Sea Basin. During the PETM, the abundance and the diversity of benthic foraminiferal 

assemblages were dramatically reduced, while the sedimentation rate increased, resulting in an 

increased proportion of terrestrial palynomorphs. This points to a higher terrestrial runoff due to 
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sea-level fall or climate change resulting in an enhanced humidity in the source areas, which is 

a usual phenomenon of climatic warming (Knox 1996). 

In the data analysed here, the beginning and the main phase of the PETM could not be 

analysed, because the layers containing PETM sediments were not accessible during the field 

trip in 2014. The lowermost δ13Corg measurements of diatomite samples at ash layer -33 exhibit 

values for the beginning of the post-PETM phase (recovery phase), while the carbonate concre-

tion between ash layers -28 and -24 shows an intermediate δ13Corg isotopic composition between 

ash layer -33 and the other δ13Corg values of the Fur Formation. In general, the δ13Corg values of 

layers above the recovery phase fluctuate at a constant level between -28 and -26‰ (Fig. 37). A 

fossil wood sample discovered at ash layer -25 yielded a δ13Corg  value of -29.8‰ V-PDB. Most of 

the organic material of the decarbonated samples derived from a mixture of terrestrial and ma-

rine plants or algae all using the C3 photosynthetic pathway. 

Heilmann-Clausen and Schmitz (2000) studied the carbon isotopic excursion (CIE), which 

marks the beginning of the PETM, reporting a strong negative shift in the δ13Ccarb values in the 

sediments of the co-occurring Ølst Formation. Pedersen et al. (2004) pointed out that the strong 

negative shift in δ13Ccarb values corresponds to the global PETM. Moreover, Schmitz et al. (2004) 

proposed that the CIE might have been triggered by basaltic volcanism associated with the open-

ing of the Greenland-Norwegian Sea. Schoon et al. (2015) investigated the CIE within glycerol 

dialkyl glycerol tetraethers (GDGTs) that stem from the marine algae Thaumarchaeota in samples 

of the Stolle Klint clay. In addition, they compared the results of the GDGTs with the δ13C values 

of branched glycerol dialkyl glycerol tetraethers (br-GDGTs) derived from soils at Støre Belt 

(215 km; SE of the Fur Formation). They concluded that the detectable larger terrigenous CIE was 

caused by an increase in relative humidity or changes in vegetational types as a consequence of 

the PETM on land. Kender et al. (2012) denoted that an increased river runoff and a higher re-

gional precipitation in NW Europe maintained elevated C/N ratios, increased formation of kao-

linite and dinoflagellates, elevated nutrient levels, and reduced salinity conditions across the 

Palaeocene-Eocene boundary. 

The PETM and the subsequent recovery phase had a duration of ~170 ka (Röhl et al., 

2007). The recovery phase of the PETM as recorded in the sediments of the Fur Formation be-

tween ash layers -33 and -19b can be monitored using δ13Corg values and C/N ratios (Fig. 23 and 

Fig. 37). According to Willumsen (2004), a pronounced change in marine microflora was deter-

mined at ash layer -19b where diatoms point to more shallow water conditions followed by a 

transgression in the upper part of the Knudeklint Member. While analysing the silicified (opal-

CT) layers between ash layers -33 and -19b, Petersen (2016) was able to identify Milankovitch 

cycles forcing the deposition of unsilicified and silicified layers. The formation of silicified layers 

was driven by freshwater inputs where the salinity was lowered and the solubility of silica was 

increased. The deposition of opal-CT overlaps with times of increased solar insolation, while un-

silicified layers occurred in times of less solar insolation. He observed 19.9 cycles of a duration  
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Fig. 37: Profiles of δ13Ccarb values, δ18Ocarb values, CaCO3, δ13Corg values, and C/N ratio against 

profile height. The C/N ratio for the ankerite concretion of ash layer -20 with a value of 108 

was excluded. 
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of 11,000 years, 11.5 cycles of 19,000 years (precession), and 4.5 cycles of 48,400 years (obliq-

uity) between ash layers -33 and -19b and he proposed a time span of 184,500 years for the 

recovery interval of the PETM. 

Biomarker were analysed to advance our understanding of the various sources of organic 

compounds. The samples of ash layers -17 and -11 consist of an unresolved complex mixture 

that usually reflects biologically degraded material (details in chapter 4.2.4). The compounds of 

n-alkanes found within carbonate concretions derived from terrigenous material, especially 

plant waxes (Eglinton and Hamilton, 1967). Regarding the fatty acids, the long fatty acid chains 

of the concretions of ash layers -17 and +135 stemmed from terrestrial organic matter. These 

compounds were also determined within the surrounding diatomite. Due to the fact that even 

chains are larger than uneven chains within diatomite samples in their specific plots (Fig. 25), 

the material within the diatomite is more reduced than in the carbonate concretions. Fatty acids 

with 24 to 30 carbon atoms derived from eukaryotes and other higher organisms like zooplank-

ton and land plants. Thus, these compounds stemmed from the water column. Biphytanic diacid 

was observed in the concretion of ash layer -17 and, for this, planktic archaea were degraded 

within the water column, which could be proven with an isotope value of -22‰ for this com-

pound. The dialcohols found in some of the samples derived from algae. The n-alcohols deter-

mined within concretions originated from land plants (Daniel Birgel, pers. comm.). Summarizing, 

most organic compounds investigated in samples of the Fur Formation were transported by rivers 

from the land to the sea or were produced within the water column. 

In summary, bulk carbon isotope values of carbonate concretions point to sulphate re-

ducing conditions during carbonate formation for which marine algal material or detrital terri-

genous plant material was reduced by bacteria. In the lower part of the Knudeklint Member, the 

recovery phase of the PETM is discernible by the distribution of δ13Corg values and C/N ratios. 

 

5.2.4 Pore water geochemistry 

The diatomite can be found in three textures indicating different depositional environ-

ments reflecting the oxygen content at the sediment surface: laminated, weakly laminated, and 

structureless (bioturbated) diatomite (Pedersen, 1978; Bonde, 1979; Pedersen, 1981; Brooks, 

2006; Pedersen et al., 2011; Pedersen and Pedersen; 2012; Fig. 16). The lamination within the 

Knudeklint Member indicates mostly anaerobic conditions during the deposition of these sedi-

ments. In contrast, the Silstrup Member holds more weakly laminated to structureless (biotur-

bated) diatomite pointing to dysoxic or oxic conditions. 

Three kinds of laminae are observed in the laminated diatomite. The first type of the lam-

inae are white to light yellowish in colour and 0.3 to 0.5 mm thick, reflecting large blooming 

events of a particular diatom species (Pedersen, 1981; Pedersen et al., 2011). The second kind 

of laminae are yellowish to pale-brown with diatoms of several blooming events and clay trans-

ported into the Danish Basin by rivers as background sedimentation. These laminae are 2 to 
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5 mm thick (Pedersen, 1981; Pedersen et al., 2011). In times of increased river runoff caused by 

heavy rainfall events, the third type of laminae with an increased concentration of clays was de-

posited. These laminae are light coloured to greyish and 0.25 mm or thinner (Pedersen, 1981; 

Pedersen et al., 2011). 38% of the sediments of the Knudeklint Member are laminated diatomite, 

whereas the percentage of laminated diatomite is only 4% in the Silstrup Member (Pedersen, 

1981; Pedersen et al., 2011). 

Another facies found within the diatomite is weakly laminated diatomite - a transitional 

facies between laminated and structureless diatomite (Pedersen, 1981). The Knudeklint Member 

displays ca. 16% and the Silstrup Member ca. 4% of weakly laminated diatomite. Regarding 

Pedersen et al. (2011), the weakly laminated diatomite was caused by a scarce benthic fauna in 

short periods. 

The third facies is structureless diatomite with a homogenous mixture of ichnogenera and 

burrows extending down from ash layers (Pedersen, 1981). 44% of the Knudeklint Member and 

ca. 84% of the Silstrup Member are structureless (Pedersen, 1981). The ash layers are occasion-

ally very disturbed (Fig. 17 D) and the burrows made in the unconsolidated sea floor by organ-

isms extracting organic matter from the sediments are filled with ash particles (Brooks, 2006; 

Pedersen et al., 2011). The trace fossils were proposed to be produced by Chondrites, Phycodes, 

Planolites, Taenidium, and Teichichnus indicating a slightly more increased oxygen concentra-

tion within the bottom water during the deposition of the Silstrup Member (Pedersen and Surlyk, 

1983; Pedersen et al., 2011). 

A low oxygen concentration in the uppermost sedimentary column was tested by analys-

ing of the water soluble sulphate of the CAS preparation. Most δ34SNaCl1 values plot below the 

analysed δ34SCAS values of Early Eocene seawater with +17 to +19‰ (Paytan et al., 1998; Kurtz 

et al., 2003; Kampschulte and Strauss, 2004; Tab. 29 and Fig. 38). This indicates that the water-

soluble sulphate derived from oxidised pyrites located within the carbonate concretions. These 

pyrites are thought to have been formed within the upper part of the sedimentary column. Hence, 

the bottom water and/or pore water was anoxic during the Early Eocene. Solely the values of 

concretion +9b, +10b and +15a, similar to the Early Eocene seawater δ34SCAS values, reveal oxy-

genated bottom waters, which was confirmed by investigating structureless sedimentary facies 

within these concretions. 

Due to the fact that the bottom water was anoxic during the deposition of some parts of 

the Fur Formation (mainly the Knudeklint Member), there had to be a chemocline within the water 

column or directly at the water sediment interface. Additionally, Zabel and Schultz (2001) de-

noted that free oxygen can be determined few mm to cm of the sedimentary column, because 

oxygen is consumed during organic matter degradation processes. Previously, several authors 

reported a stagnant, poisonous bottom water that was toxic to higher organisms during the dep-

osition of the Fur Formation (Bonde, 1966, 1973; Larsson, 1975; Pedersen, 1981; Beyer et al., 

2001; Pedersen et al., 2011; Obst et al., 2015; Petersen, 2016). Thus, laminated sediments 

point to the lack of benthic animals (Pedersen, 1981; Pedersen and Surlyk, 1983; Schmitz et al., 
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1997; Pedersen et al., 2011). For a rapid sedimentation of plankton, a large amount of oxygen 

was consumed at the sea surface forming of anoxic bottom waters (Pedersen et al., 2011). The 

age and slow renewal of the bottom water is another reason for its oxygen depletion causing the 

rise of the lysocline (Schmitz et al., 1996). 

Tab.29: The values (δ34S values, δ18O values, concentration of SO42-) of the water-soluble sulphates 

(NaCl1) and CAS are given. 

 

 

Fig. 38: Concentration and δ34S values of the first water-soluble sulphates (NaCl1) processed during 

the CAS extraction. 

In contemporary upwelling zones, a chemocline is found in a counterflow parallel to the 

coast at a depth of a few hundred meters where nutrients are recycled causing a rich pelagic 

wildlife in the surface waters. A stable three-layer system with maintained oxygen deficiency in 

a stagnant bottom water body was established in the Early Eocene (Bonde, 1979; Petersen, 

2016), where the upper water body was oxygen rich and separated from the lower body mass by 

the chemocline. Other reasons for the stratification of seawater within the Danish Basin were the 
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warmer climate (Pedersen et al., 2011) and an enhanced fresh water input from rivers around the 

basin (Petersen, 2016). 

The change from anoxic to dysoxic conditions found within the sediments of the Fur For-

mation could be an indicator of the filling of an initial depression in the Danish Basin as recog-

nised by Hallam and Bradshaw (1979) and by Pedersen and Surlyk (1983). Pedersen (1981) de-

noted that the shift from anoxic to oxic bottom waters was fast and that it was triggered by an 

external mechanism like climate. 

In conclusion, during the deposition of the Knudeklint Member, the bottom water condi-

tions were anoxic. In contrast, during the formation of the Silstrup Member the bottom water 

exhibited more oxygen, probably caused by an external mechanism. 

 

5.2.5 Diagenetic zones within the sedimentary column 

The formation of the carbonate concretions occurred within the sedimentary column 

where different processes enabled the release of necessary calcium and carbonate ions. 

Sr2+ ions were incorporated into the calcite crystal lattice. The 87Sr/86Sr ratios of most of 

the carbonate concretions plot at the lower boundary of the data reported for Early Eocene sea-

water (Howarth and McArthur, 1997; McArthur et al., 2001; Hodell et al., 2007; Fig. 36). Applying 

equation 4 (see chapter 5.1.5) and using 87Sr/86Sr ratios of Early Eocene seawater and of volcanic 

ashes as endmembers, the analysed 87Sr/86Sr values led to the conclusion that less than 5% of 

the Sr2+ ions stem from volcanic ash layers. Only the 87Sr/86Sr ratio of dolomite concretion -17b 

of ash layer -17 lies above the Early Eocene seawater 87Sr/86Sr ratio. This suggests a larger influx 

of radiogenic Sr from continental weathering or a shift to 87Sr enriched values due to diagenesis. 

δ44/40Ca values measured for glendonite reveal a seawater origin of the Ca2+ ion (see chap-

ter 5.1.5). A similar origin is assumed for the Ca2+ ions in the carbonate concretions. This was 

already proposed by Pedersen and Buchardt (1996) who added pore water dissolution of skele-

tal material from fish and invertebrates and volcanic dust as two other possible Ca2+ sources. 

According to Pedersen et al. (1975), the tholeiitic ash layers of the Silstrup Member comprise ca. 

10% CaO and the partial solution of these ashes could have increased the Ca2+ ion pool used for 

the formation of the carbonate concretions. However, there are no signs of an intensified disso-

lution of volcanic glass particles. Thus, most of the Ca2+ ions stem from the seawater similar to 

the Sr ions that mainly stem from the same source. 

CAS was investigated to identify different diagenetic zones within the sedimentary col-

umn via δ34S values, δ18O values, and CAS concentration. Two carbonate concretions (+15a, 

+62a) display δ34SCAS values of Early Eocene seawater and their CAS stems from ambient seawater 

(Fig. 24). For most of the concretions, the δ34SCAS values are 34S enriched compared to the sea-

water value, which means that the CAS was affected by bacterial sulphate reduction. In contrast, 

δ34SCAS values for concretions below seawater value indicate a sulphate contribution from the  
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Fig. 39: Plot of CAS data of the carbonate concretions with (A) the δ34SCAS values and (B) the content 

of CAS plotted against the δ13Ccarb values of the carbonate concretions. 

oxidation of pyrite. Two concretions from the profile (concretion of ash layers +10b and of +130) 

exhibit very high CAS concentrations (Fig. 39). The CAS concentration of the concretion of ash 

layer +130 coincides well with higher TS values compared to other carbonate concretions and, 

therefore, more sulphur was buried within the sediments of the uppermost Fur Formation. 

The δ13Ccarb value of -5‰ for concretion -17a of ash layer -17 led to the conclusion that 

this concretion was formed by carbonate derived from an admixture of methanogenesis and OSR. 
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In the same profile height, a dolomite concretion (-17b) was investigated. The dolomite concre-

tion -17b is not illustrated in figure 39, because no δ34SCAS value was measured for this sample. 

The high δ13Ccarb value (+7‰), the low CAS concentration (23 ppm), and the biomarker analyses 

of this concretion (-17b) collectively provide evidence for methanogenesis. 

Using all available data to test various formation depths within the sedimentary column, 

three major zones of the carbonate formation caused by different chemical processes can be 

discussed: methanogenesis, intermediate zone between methanogenesis and OSR, and OSR (Fig. 

37 and Fig. 40). 

The diagenetic zone of methanogenesis was recognised in the profile between ash lay-

ers -21 and -17, where an ankerite and a dolomite concretion were investigated. The dolomite 

concretion -17b of ash layer -17 was formed by methanogenesis, because the sample depicts 

13C enriched δ13Ccarb values, and a low CAS concentration. In addition to CAS, biomarker com-

pounds also permit conclusions about this formation process. Hopanoic acids derived from bac-

teria, whereas archaeol and phytanyl monoetherlipid, both found in dolomite concretion -17b 

with an isotopic composition of -33‰, could be formed by methanogenic archaea and other 

methanogenic bacteria within the sedimentary column. Hence, the carbonate formation could 

have been driven by these bacteria and archaea. 

In the profiles (Fig. 37 and Fig. 40), there is an intermediate zone discernible between 

ash layers -17 and -13. There, the δ13Ccarb values range between the values of the diagnostic 

methanogenesis zone and the OSR zone. 

The third diagenetic zone is the zone of organotrophic sulphate reduction (OSR). Due to 

the fact that in some of the concretions, which were formed in the zone of OSR, glendonite is 

found, the precursor mineral ikaite is supposed to have been formed very early after the deposi-

tion of the sediments. After the transformation to glendonite, the carbonate concretions precip-

itated. Most of the carbonate concretions fall into the area above the Early Eocene seawater δ34S 

value (Fig. 24) and indicate the formation of a higher proportion of bacterial sulphate reduction 

via degradation of organic matter. The majority of the carbonate concretions plot in the field of 

the sulphate reduction (Fig. 39). Within this field, lower CAS concentrations, elevated δ34SCAS, 

and negative δ13Ccarb values were measured. According to Loyd et al. (2012), sulphate reduction 

produces alkalinity favouring carbonate precipitation if around 40% of the generated sulphide 

is removed as pyrite. Pyrites investigated within the carbonate concretion point to sulphate re-

duction prior to the precipitation of the concretion (Raiswell 1976; Raiswell et al., 2002). Accord-

ing to Zabel and Schultz (2001), high δ34SCAS values are found in non-bioturbated sediments, 

where the diffusion of oxygen was limited. In the biomarker analyses of one of the concretions 

of the OSR zone (+135), hopanoids and dialkyl glycerol diether (DAGE) were found. Hopanoids 

were obtained from non specified bacteria, whereas dialkyl glycerol diethers are supposed to be 

formed by sulphate reducing bacteria (Langworthy et al., 1983; Pancost et al., 2001). 
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Fig. 40: Profiles of TS, δ34SCAS values, δ18OCAS values, CAS, 87Sr/86Sr ratios, and MgCO3 

against profile height. 
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Nielsen (1974) described that anaerobic decomposition of organic carbon during or-

ganotrophic sulphate reduction produces ammonia raising the pH values and finally causing the 

precipitation of carbonates. Pedersen and Buchardt (1996) were the first to link the formation of 

the carbonates of the Fur Formation with the microbial decomposition of organic matter by sul-

phate reducing bacteria. Suess et al. (1982) and Buchardt and Holmes (1995) denoted an in-

creased pore water alkalinity due to sulphate reduction in organic rich deposits. Pedersen and 

Buchardt (1996) proposed that the concretion grew in equilibrium with the pore water in different 

stages of evolution. Agreeing with Pedersen et al. (2011), the carbonate carbon isotopic compo-

sition points to bacterial degradation of organic matter in the sediments as the main carbon 

source. The δ13Ccarb values between -30 and -20‰ indicate a less pronounced, secondary carbon 

source: the anaerobic oxidation of methane. 

Most authors state the formation of the carbonate concretion to be of an early diagenetic 

origin and named different indicators for the early diagenetic age. The most prominent indicator 

is the porosity that is larger within the concretion than in the surrounding sediments showing 

that the carbonate concretions were formed prior to the compaction (Pedersen and Surlyk, 1983; 

Pedersen and Buchardt, 1996; Brooks, 2006; Pedersen et al., 2011). Nielsen (1974) proposed 

that the compaction was enhanced by the fast settlement of ash layers. Pedersen and Buchardt 

(1996) added that no obvious displacement structures caused by the formation of the carbonate 

concretion were found and, thus, the sediment was not compacted during the formation of the 

concretions. 

Petersen (2016) introduced the term eogenesis for the sediments of the Fur Formation. 

Eogenesis is the earliest diagenetical stage in shallow sedimentary depths with the same condi-

tions found in the bottom water. According to Petersen (2016), the following diagenetical stage, 

mesogenesis, was not reached. Therefore, the temperatures within the sedimentary column were 

not higher than 75 °C based on the absence of high temperature clay minerals. Boggs (2009) 

described high salinity, alkalinity, and alkaline pH conditions within the eogenesis with high 

concentrations of bicarbonate formed by degradation of organic matter. In this zone, unstable, 

fine-grained components are dissolved and new mineral phases including pyrite, glauconite, il-

lite, smectite, zeolite, Fe-rich chlorite minerals, feldspar, silica, and carbonates are often formed 

(Riech and von Rad, 1979; Bjørlykke, 1983; Malm et al., 1984; Morton and Knox, 1990). This 

could be another fact indicating an early diagenetic formation of these carbonate concretions 

during the process of the OSR. 

Fenchel and Riedl (1970) denoted a discontinuity of the redox potential, i.e. the boundary 

between dissolved oxygen and hydrogen sulphide (H2S) in pore fluids, close to the water sedi-

ment interface in fine-grained sediments in low-energy depositional environments. Laminated 

sediments and the water-soluble sulphates analysed during the CAS extraction point out that the 

redox potential discontinuity must have been within the water column or close to the-water sed-

iment interface (see chapter 5.2.4). 
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The Ca2+ and Sr2+ ions used for the formation of the carbonate concretions stem from am-

bient seawater, while the carbonate ions were produced by OSR and subordinate anaerobic oxi-

dation of methane, which was proven by several geochemical proxies. Additionally, two other 

processes were identified: (i) In the lower part of the Knudeklint Member, organotrophic sulphate 

reduction and methanogenesis initiated carbonate formation. Hence, the redox potential discon-

tinuity was above the water sediment interface somewhere in the water column. (ii) In the Sil-

strup Member, this boundary layer is supposed to have been straight few cm below the sea floor. 

Consequently, all carbonate concretions of the Fur Formation were formed throughout early dia-

genetic processes within the uppermost 10 m of the sedimentary column. 
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5.3 Paleotemperatures 

5.3.1 Previous paleotemperature estimates for the Fur Formation 

Paleoclimatic indications from macrofossil assemblages 

Several authors (e.g. Bonde, 1966; Rust, 1998; Pedersen et al., 2011; Bourdon et al., 

2016) studied macrofossils in sediments of the Fur Formation. Summarizing the faunal biodiver-

sity, Pedersen et al. (2011) described a percentage share of 31% insects, of 29% fish, and of 

12% birds in the macrofossil record. Besides, some other animal remains like reptiles were re-

ported in the last century. 

Fossil insects were investigated by several scientists (e.g. Andersen and Andersen, 1996; 

Rust, 1998; Rust and Andersen, 1999; Archibald and Makarkin, 2006; Pedersen et al., 2011; 

Rasmussen et al., 2016). 172 fossil bird specimens were identified (e.g. Dyke and Lindow, 2009; 

Bertelli et al., 2010; Mayr and Bertelli, 2011; Sakala and Gryc, 2011; Pedersen et al., 2011; Bour-

don et al., 2016) and also ca. 60 species of marine fish (Bonde, 1966, 1997; Pedersen et al., 

2011; Rasmussen et al., 2016). Turtles, marine snakes, and lizards were found, too (Nielsen, 

1959, 1963; Bonde, 1966; Pedersen et al., 2011; Rasmussen et al., 2016). Marine invertebrates 

are represented by snails, crabs, clams, echinoderms, bivalves, gastropods, marine sponges, 

and decapods (Collins et al., 2005; Pedersen et al., 2011). 

Besides a rich fossil fauna, abundant terrestrial plant material, like branches, leaves, 

fruits, seeds, etc. were found (Hartz, 1909; Koch, 1960; Larsson, 1975; Pedersen et al., 2011). 

Leaves of Salvinia, Ginkgo and a cone of Pinus were investigated pointing to meadows and slowly 

moving streams in the continental area characterised by a vegetation with bushes and shrubs.  

Based on the fossil record, Bonde (1966) was the first to propose a tropical to subtropical 

climate. Andersen and Andersen (1996), Lindow and Dyke (2006), and Pedersen et al. (2011) 

added that the climate was warm and moist with mean annual air temperatures between +15 

and +21 °C for the Early Eocene. In addition, Pedersen et al. (2011) concluded that the insect 

fauna of the Fur Formation provided evidence for a tropical climate with average temperatures 

some 10 °C higher than today. 

Previous paleotemperature estimates for the Fur Formation 

Pedersen and Buchardt (1996) reported the first δ18Ocarb measurements on the carbonate 

concretions of the Fur Formation. They proposed  that respective temperatures represent the tem-

peratures at a shallow sedimentary depth and, hence, also represent ambient seafloor tempera-

tures. Buchardt (1978) measured an average δ18Ocarb value of -2.5‰ V-PDB for Early Eocene mol-

lusc shells from the North Sea area, but did not calculate a paleotemperature. Following Kim and 

O´Neil (1997), when taking this δ18Ocarb value with a δ18O value of -4.5‰ V-SMOW for Early Eo-

cene bottom water, a temperature of +4.8 °C results. This temperature value falls into the same 

temperature range as all the values of this study. 
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According to Pedersen et al. (2011), the surface temperatures were affected by a short 

term, hot period in the Early Eocene as a direct consequence of the PETM, whereas less extreme 

temperatures occurred during the deposition of the Knudeklint Member. Schoon et al. (2015) 

investigated the glycerol dialkyl glycerol tetraethers (GDGT) (TEX86), the branched and isoprenoid 

tetraether (BIT) index, and the methylation of branched tetraether/cyclisation of branched tetra-

ether (MBT/CBT) ratio in the sediments of the Fur Formation and of the co-occurring Støre Belt. 

For the onset of the PETM, a maximum sea surface temperature (SST) of +31 °C was determined, 

followed by a decrease from +24 to +17 °C (analysed for sediments at ash layers -26 and -17). 

 

5.3.2 Concept of the multiproxy paleotemperature reconstruction 

Fossils described from the Fur Formation provide a semiquantitative estimate for paleo-

temperatures in their habitat. In contrast, geochemical proxies (Δ47, δ18Ocarb, and δ18Odiatom) allow 

to determine ambient temperatures during which the sediments formed (ikaite, carbonate con-

cretions, and diatomite). A new multiproxy approach to reconstructing the paleotemperatures 

was successful. Therefore, three paleotemperature proxies were applied in order to gain insights 

into the formation temperature of ikaite and carbonate concretions. Clumped isotopes (Δ47) of 

replacive calcite, the cement phase directly formed at the ikaite breakdown, were analysed to 

unravel the temperature of the ikaite-glendonite transformation. The replacive calcite was mea-

sured twice – Δ47 and the oxygen isotopic composition of carbonate (δ18Ocarb). Considering the 

paleotemperature based on clumped isotopes, the δ18OH2O value was reconstructed for the early 

diagenetic formation of ikaite and the subsequent transformation to glendonite. This δ18OH2O 

value was also applied for calculating the temperature of the successive formation of carbonate 

concretions. 

Besides early diagenetic carbonates, diatomite was analysed for the oxygen isotopic 

composition of its diatom frustules (δ18Odiatom). Although diatoms were formed in the upper water 

column, the δ18O signal of the diatom frustules is thought to be overprinted due to post-mortem 

maturation of the frustule (e.g. Schmidt et al., 2001; Moschen et al., 2006; Swann and Leng, 

2009). 

There are only a few localities where δ18Ocarb and δ18Odiatom values can be determined for 

diatoms and early diagenetic, authigenic carbonates. The pH value found within the sedimentary 

column had to be between 7 and 8 in order to preserve diatom frustules and carbonates. This 

makes the Fur Formation a unique location to decipher the thermal history of early diagenesis 

within the upper sedimentary column. 
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5.3.3 Paleotemperatures derived from clumped isotopes (Δ47) 

The clumped isotopes (Δ47) determined for replacive calcite from the glendonite of ash 

layer +16 revealed an average paleotemperature of +6 °C and for the glendonite of ash layer +62 

a value of +5 °C (Fig. 43). These temperatures are thought to reflect the temperature when ikaite 

was transformed to glendonite (Hu et al., 2014). Hence, the formation of ikaite could have oc-

curred at low temperatures within the first metres of the sedimentary column. These cold bottom 

water/pore water temperatures reflect good growing conditions for ikaite (e.g. Pauly, 1963; Mar-

land, 1975; Kennedy et al., 1987; Hu et al., 2015). 

Previously, clumped isotopes were used to calibrate the δ18O of the ambient water (Ghosh 

et al., 2006; Came et al., 2007; Affek et al., 2008; Huntington et al., 2009, 2011; Quade et al., 

2011; Kluge et al., 2013; Cummins et al., 2014). Therefore, paleotemperature values determined 

for the Fur Formation via clumped isotopes serves as the input oxygen isotopic composition for 

ambient pore water/bottom water (δ18OH2O) in order to calculate a paleotemperature following 

the equation of Kim and O´Neil (1997) (see equation 6 in table 20). The resulting oxygen isotopic 

composition of the pore water was calculated to have a δ18O value of -4.5‰ V-SMOW. This 

δ18OH2O was subsequently used for all other temperature reconstructions (δ18Ocarb, δ18Odiatom). 

In contrast to the Fur Formation, the glendonite from the Simeulue Seep off Sumatra 

yielded an average temperature of +13 °C. This obvious temperature difference can result from 

different processes. Based on 13C depleted δ13Ccarb values of -49‰ V-PDB and 18O enriched δ18Oc-

arb values of +2.7‰ V-PDB for the Sumatra glendonite, the formation of ikaite via anaerobic oxida-

tion of thermogenic methane is proposed and its subsequent transformation to glendonite at the 

Simeulue methane seep like in Teichert (2007). Thus, the conditions under which the ikaites 

were formed at the Sumatra site differed significantly when compared to the Danish Fur For-

mation. Loyd et al. (2016) proposed that the kinetic isotope signal of clumped isotopes at cold 

methane seeps was overprinted due to CO2 hydration and hydroxylation reactions shifting the 

results towards warmer temperatures. The anaerobic oxidation of methane causes a decrease in 

Δ47 yielding higher temperatures (Loyd et al., 2016). According to DePaolo (2011), rapid miner-

alization, which takes place at methane seeps, results in geochemical signatures that are fre-

quently out of equilibrium with the ambient environment. This might have been the case at the 

Simeulue Seep off Sumatra. Other disequilibrium processes affecting the Δ47 value are known 

about speleothems (Daëron et al., 2011). In addition to or alternatively, the temperature differ-

ence could reflect the incorporation of a rim cement within the whitish replacive calcite during 

analysis causing a shift towards lower Δ47 values and, consequently, resulting in higher temper-

atures. 

Ghosh et al. (2006) proposed that the carbonate growth temperature determined via Δ47 

measurements is independent of the δ18O of the ambient water. Subsequently, Guo et al. (2009) 

developed a kinetic model allowing to reconstruct the (paleo)temperatures at the time of for-

mation. Calculations for this study are based on at least four replicate measurements yielding 

an uncertainty better than 4 °C for the temperature or ± 0.026 for the Δ47 value. Comparing these 
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error values with other publications dealing with clumped isotope thermometry, the errors of the 

analyses in this study fall into the same range as in other publications (e.g. Ghosh et al., 2006; 

Eagle et al., 2010; Huntington et al., 2011; Loyd et al., 2012; Peters et al., 2013; Stolper and 

Eiler, 2015). 

 

5.3.4 Paleotemperatures derived from carbonate oxygen isotopes (δ18Ocarb) 

Calculated paleotemperatures based on δ18Ocarb values yielded average values of +2.4 

and +5.4 °C for bulk carbonate concretions and bulk glendonite, respectively (Fig. 28 and Fig. 

41). The replacive calcite exhibits an average temperature of +3.9 °C, the rim cement one of 

+3.3 °C, and the fill cement one of +1 °C. All of these temperatures fall entirely into the stability 

field of ikaite (e.g. Pauly, 1963; Jansen et al., 1987; Oehlerich et al., 2013; Field et al., 2016). 

The lowest temperature value of the glendonite was observed for the latest cement phase 

(fill cement) that precipitated later than the replacive calcite and the rim cements, as suggested 

by heavier δ18Ocarb values and higher 87Sr/86Sr ratios. The ikaite formed during early diagenesis 

and the transformation of ikaite to glendonite occurred in a certain sedimentary depth as the 

upper temperature boundary for ikaite with a value of ca. +5.5 °C (average value of the clumped 

isotope temperature of both glendonite samples) was reached. This temperature necessary for 

the transformation was reached during the burial of the ikaite crystal within the upper sedimen-

tary column. A specific depth remains unclear, but the transformation is thought to have occurred 

ca. 5 m below the sediment-water interface (Kaplan, 1979; Larsen, 1994; De Lurio and Frakes, 

1999; Kodina et al., 2003; Zu et al., 2012). As the fill cement precipitated later in a greater depth, 

another δ18OH2O  must be considered for the calculation of a paleotemperature. This δ18OH2O value 

of the pore water would have been 18O enriched due to different diagenetical processes like clay 

dewatering, silica diagenesis, carbonate dissolution, or the influx of brine fluids (Gross, 1964; 

Clayton et al., 1966; Hitchon and Friedman, 1969; Allan and Mathews, 1982; Morton and Land, 

1987; Lohmann, 1988; Behl and Garrison; 1994), but the exact value for it cannot be given. For 

the Fur Formation, the diagenesis of silica (e.g. Aoyagi and Kazama, 1980) is the most probable 

cause for the 18O enrichment of the pore water due to the maturation of diatom silica. 

The spatial distribution of δ18Ocarb within a carbonate concretion is supposed to provide 

further insights into the formation process of the calcitic cement and into the prevailing pale-

otemperatures during the formation of the carbonate concretion. In most of the carbonate con-

cretions, a trend was identified with the lightest δ18Ocarb / highest temperature values found in 

the centre of each carbonate concretion. In contrast to this study, Pedersen and Buchardt (1996) 

were not able to identify any trend in their δ18Ocarb values within carbonate concretions. Pedersen 

and Buchardt (1996) determined a maximal temperature range of ±6 °C within one concretion. 

More carbonate concretions were investigated during this study with a more detailed look at the 

pattern of the δ18Ocarb values. In contrast, four carbonate concretions were identified bearing a 

temperature range larger than ±7 °C (+25/+29, +31, +135b, and +135a). The heaviest δ18Ocarb 

values resulting in lower temperatures were either found at the marginal rim in the horizontal  
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Fig. 41: Paleotemperatures calculated from the δ18Ocarb values of glendonite and car-

bonate concretions after Kim and O´Neil with a δ18OH2O of -4.5‰ V-SMOW plotted 

against profile height. The clumped isotope values of glendonites +16a and +62b are 

plotted in green for comparison. The grey area marks the temperature range of ikaite 

stability (Hu et al., 2014). The black arrow points to temperatures of ikaite transfor-

mation. 
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profile or at the bottom of a concretion. Some of the concretions depict a lighter colour at their 

rim pointing to leaching due to weathering processes. An influence of weathering on the δ18Ocarb 

value could not be entirely excluded, but the δ18Ocarb values for drilled samples taken between 

the centre and the margin of a carbonate concretion are in between the values of centre and 

margin. Thus, the enrichment in 18O towards the margin of a concretion appears to be a gradual 

one. Certain horizons are completely cemented resulting in thick carbonate banks mostly asso-

ciated with ash layers: ash layers +62, +101/+102, +129/+130, and +135. Solely the samples of 

ash layer +135 depict a wide range of δ18Ocarb values, whereas other cemented horizons appear 

more homogenous. Thus, the δ18Ocarb values plotting in a wide range suggest a longer time for the 

formation of these carbonate concretions or cemented horizons and, possibly, a greater depth. 

Within the Fur Formation, δ18Ocarb values enriched in 18O (ca. 1.5‰) were measured in 

concretions from three levels between ash layers -20 and -13, between ash layers +26 and +30, 

and around ash layer +135 resulting in lower temperature values for these concretions. The car-

bonate concretions yielded paleotemperature values between -5 and +7 °C for all bulk samples 

of the carbonate concretions (Fig. 41). The carbonate concretions depict temperature values 

lower than the values of glendonites and their replacive cements (Fig. 41). These lower temper-

atures remain questionable, because the estimated pore water δ18O of -4.5‰ V-SMOW cannot 

be used for the calculation of paleotemperatures due to the later diagenetic origin in a greater 

depth. A greater burial depth for the formation of carbonate concretion causes a higher, 18O en-

riched pore fluid. Thus, the temperature values for the formation of carbonate concretions must 

lie above the temperatures for the ikaite transformation (>6 °C). 

Listing the temperature values for their environmental indications implies the formation 

of ikaite at temperatures below +5.5 °C as determined via clumped isotope analyses of replacive 

calcite. The subsequently calculated δ18O value of -4.5‰ V-SMOW for the pore water points to 

low temperatures for all glendonite subsamples. Considering the chronological sequence of for-

mation of authigenic carbonates, the δ18OH2O value of the pore water increased during diagenesis 

towards 18O enriched δ18O values. Unfortunately, the δ18OH2O could not be identified and, thus, 

the temperature and the depth of the formation of carbonate concretions remain elusive. 

 

5.3.5 Paleotemperatures derived from oxygen isotopes of diatom frustules (δ18Odiatom) 

At first, the oxygen isotopic composition of diatom frustules was analysed to determine 

prevailing paleotemperatures of the upper water column. These values were compared to both 

paleotemperature proxies described above (Δ47 and δ18Ocarb). However, several authors proposed 

that the δ18O values of diatoms changed after death (Schmidt et al., 1997; Brandriss et al., 1998; 

Schmidt et al., 2001; Moschen et al., 2006; Swann and Leng, 2009; Dodd and Sharp, 2010; 

Dodd, 2011). Consequently, the recorded paleotemperatures reflect the temperature during dep-

osition. A δ18O value of -4.5‰ V-SMOW was applied for the ambient water when calculating the 

paleotemperatures. Most calculated paleotemperatures range between -3.6 and +8 °C with an 

average value of +0.9 °C. A few offset values determined for the coastal outcrops of Knudeklint 
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and Stolleklint were excluded when calculating this average value (abbreviations “Kn” and “St” 

in figure 43). Paleotemperatures based on δ18Odiatom values agree with temperatures based on 

δ18Ocarb values indicating cold bottom waters (Fig. 43). 

Some samples were measured in duplicate or triplicate. Sample Ej+14_2 was the one 

with the largest standard deviation of ±1.3‰, which results in a maximum temperature differ-

ence of ±7.1 °C (equation of Dodd and Sharp (2010) and a δ18OH2O of -4.5‰ V-SMOW). The sam-

ples St o. -33, Kn -10_7, Kn +1_1, Kn +14_2, and Kn +42_1 yielded temperature values higher 

than +10 °C. Other SiO2 bearing minerals and microfossils are thought to have influenced the 

δ18O isotopic composition of the diatom samples. Although diatom samples with > 95% SiO2 fos-

sils had been chosen, residual clay and silt particles in samples were determined via SEM and 

light microscopy. δ18O results were corrected for a potential influence of clay and silt particles 

using a mixing equation (see equation 3 in chapter 4.3.3; Morley et al., 2004; Leng and Barker, 

2006). Usually, the effect of these particles on the δ18Odiatom value should be minimal, as indi-

cated by the absence of a clear correlation between the abundance of mineral contaminants and 

shifts in the paleotemperature curve towards higher temperatures (Fig. 42 and Fig. 43). 

 

Fig. 42: Quantification of (A) mineral contaminants and (B) proportional abundance of other SiO2 fos-

sils (silicoflagellates, sponge spiculae, ebridians, etc.) within the diatom samples against profile 

height. 

Thus, the shift towards lower δ18Odiatom values must have been caused by another factor. 

Three diatom samples between ash layers +14 and +16 yielded different δ18Odiatom values, which 

might have been caused by different diatom assemblages or related to their location. The sam-

ples of the moler pits Ejerslev and Råkilde display δ18Odiatom values of +33.2‰ (-3.6 °C) and  
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+32.8‰ (-2.3 °C), respectively. In contrast, the sample of the Knudeklint coastal outcrop on the 

island of Fur shows a δ18O value of +29.1‰ (+14 °C). Several other samples of the Knudeklint 

also exhibit lower δ18O values, which might point to ongoing coastal weathering processes 

changing the δ18O signal. 

Although there are some factors influencing the oxygen isotopic composition of recent 

diatom frustules like light, nutrient availability, seasonality, and temperature (e.g. Kowalczyk, 

2006; Swann et al., 2008; Swann and Leng, 2009), these factors could be ignored, because the 

diatom frustules are thought to be overprinted due to post-mortem maturation processes. Even 

the fact that all diatom samples comprise more than one single species, which was firstly pro-

posed by Juillet-Leclerc and Labeyrie (1987), can be neglected due to post-mortem overprinting. 

Schmidt et al. (1997) were the first to note that the δ18O signal of diatoms is affected by isotope 

exchange processes during sedimentation and that the determined δ18O values don´t reflect am-

bient water temperatures. This was confirmed by Brandriss et al. (1998) who measured 6 to 8‰ 

lower values for diatoms grown in lab studies compared to values for fossil samples of the same 

species. Schmidt et al. (2001) denoted that silica maturation occurring in surface sediments re-

sulted in increasing Si-O-Si/Si-OH ratios and higher δ18O values. These authors concluded that 

the δ18O value of marine diatoms does not reflect the sea surface temperature, but rather the 

bottom water temperature. Further works on silica maturation within diatom frustules were done 

by Moschen et al. (2006), Swann and Leng (2009), Dodd and Sharp (2010), and Dodd (2011). 

Despite analytical difficulties, the δ18Odiatom proxy was successfully used in several stud-

ies dealing with paleoenvironmental reconstructions for terrestrial and marine settings (e.g. Mik-

kelsen et al., 1978; Jiang et al., 2001; Morley et al., 2005; Moschen et al., 2005; Mackay et al., 

2008; Dodd and Sharp, 2010), but questions remain and are discussed in the literature (Leng et 

al., 2001; Lamb et al., 2005). 

A benefit of the Fur Formation are co-occurring carbonates and diatomite allowing the 

paired measurements of δ18Ocarb and δ18Odiatom values. Results obtained for the Fur Formation 

clearly point to cool bottom and pore water paleotemperatures during the formation of ikaite. Yet 

based on the discussion above, the paleotemperatures obtained via δ18Ocarb measurements on 

glendonite and carbonate concretions are considered more reliable than the paleotemperatures 

calculated based on δ18Odiatom values. 

Determining the paleotemperature of ambient seawater and/or bottom/pore water has 

been challenging in this study. The δ18O of the ambient water was determined by analysing 

clumped isotopes (Δ47). Applying this value to the specific temperature equation resulted in a 

δ18O for the water. Respective calculated temperature values fall into a range between -5 and 

+10 °C pointing to cold bottom water within the Danish Basin during the Early Eocene. In con-

trast, a subtropical to tropical climate is indicated by the fossil content. Consequently, a thermo-

cline within the Danish Basin is proposed, but the depth of this thermocline remains elusive. 
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Fig. 43: Paleotemperatures calculated from δ18Ocarb, Δ47, and δ18Odiatom with profile height. The lo-

calities of the diatom samples are noted as: Si: Silstrup, Kn: Knudeklint, Ra: Råkilde, Ej: Ejerslev, 

and St: Stolleklint. The grey area marks the temperature range of ikaite stability (Hu et al., 2014). 

The black arrow points to temperatures of ikaite transformation. 
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6 Model of the Fur Formation deposition 

The processes of ikaite formation and its subsequent transformation to glendonite in sed-

iments of the Early Eocene Fur Formation were investigated in this study. Considering results 

from previous works and adding the results of this work, a depositional model for the Fur For-

mation was developed (Fig. 44 and Fig. 45). 

The sediments were deposited in the semi-enclosed, ca. 500 m deep Danish Basin, which 

was characterised by an upwelling zone located in the NW. Diatom blooms occurred in the upper 

water column, diatoms settled down through the water column, and they subsequently formed 

the diatomite. Episodic volcanic eruptions took place within the Gardiner complex, East Green-

land, and the Faroe islands during the Early Eocene resulting in numerous ash layers interbed-

ding the diatomite (Fig. 44). The deposition of the Fur Formation is estimated to have lasted for 

ca. 1.1 m.a.. 

 

Fig. 44: Map of the Early Eocene North Sea Basin and adjacent North Atlantic Ocean. The red colour 

indicates the rifting zone of the NAIP, the greyish coloured area the disposal zone of volcanic ash 

layers of the NAIP. A cross section through the Danish Basin is marked with amber colour, whereas 

the deposition zone of the Fur Formation is marked yellow (modified after Schultz et al. (2011)). 

Different early diagenetic calcites were formed in the sediments: (i) glendonite, a calcite 

pseudomorph after ikaite, and (ii) carbonate concretions. Ikaite precipitated in organic-rich sedi-

ments in the uppermost sedimentary column via organotrophic sulphate reduction at tempera-

tures lower than +5.5 °C (Fig. 45; box 1). The transformation of ikaite to glendonite occurred at 
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an average temperature of +5.5 °C as indicated by clumped isotope data. Based on petrograph-

ical and isotopic analyses, replacive calcite was identified as the first mineral phase after the 

breakdown of the ikaite crystal (Fig. 45; box 2). Several rim cements precipitated from the water 

released during ikaite (CaCO3*6H2O) breakdown. Open pore space was subsequently filled with 

another calcitic cement during ongoing early diagenetic processes. This later cement displayed 

different δ18Ocarb values and 87Sr/86Sr ratios compared to previous cement phases. 

 

Fig. 45: Paleoenvironmental model for ikaite formation within the Danish Basin (modified after 

Bonde (1979) and Pedersen et al. (2011)). 
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Following the transformation of ikaite to glendonite, carbonate concretions precipitated 

in the uppermost 10 m of the sedimentary column, but not until some time after the transfor-

mation had been completed (Fig. 45; box 3). The carbonate concretions precipitated during early 

diagenetic processes proven by a high concentration of carbonate (ca. 81 wt%), negative δ13Ccarb 

values indicating a lower formation depth (but above methanogenesis zone), and a higher po-

rosity than the surrounding diatomite. Additionally, the formation of carbonate concretions was 

mostly coupled to organotrophic sulphate reduction. In contrast, a single dolomite and a single 

ankerite concretion in the lower Knudeklint Member suggest carbonate formation driven by 

methanotrophic bacteria and archaea. 

A paleotemperature range between -5 and +10 °C is proposed for the sediments of the 

uppermost sedimentary column. This temperature range was determined using several paleo-

temperature proxies (Δ47, δ18Ocarb, and δ18Odiatom). Thus, in combination with the macrofossil rec-

ord indicating a subtropical to tropical climate and additional geochemical proxies for the sur-

face waters (TEX86, MBT/CBT, and BIT index; Schoon et al., (2015), a thermocline within the water 

column in the Danish Basin is required, and herewith proposed, separating warm, oxygen rich 

surface waters from cold, oxygen depleted bottom waters. 
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7 Summary and outlook 

7.1 Summary 

Glendonite of the Fur Formation 

Petrographic, geochemical, and isotope data for Early Eocene glendonite from the Fur For-

mation yielded information about the internal structure of the glendonite and the transformation 

processes from ikaite to glendonite. Moreover, environmental conditions during ikaite formation 

could be reconstructed: 

1. Glendonite from the Early Eocene Fur Formation consists of four calcitic cements. Initially, 

a replacive calcite formed during the breakdown of the ikaite, representing the original 

CaCO3 of the ikaite. Thereafter, these replacive calcites were covered by two rim cements 

(Mg-ri, yellow-brown; Fe-Mn-Mg-ri, translucent) that precipitated from the ikaite crystal 

water and an admixture of surrounding pore water. Finally, the open pore space was filled 

by a diagenetic (fill) cement with a chemically distinctly different composition. 

2. Organotrophic sulphate reduction was the main process for ikaite precipitation as well 

as for the carbonate concretions that subsequently formed around the glendonites. A 

minor contribution of anaerobic oxidation of methane as secondary carbon source can-

not be ruled out. Ikaite formed in the shallow subsurface of the marine sedimentary col-

umn. 

3. Paleotemperature calculations yielded a range of +2 to +8 °C for the ikaite to glendonite 

transformation, which is at the upper boundary of the ikaite stability field. The oxygen 

isotopic composition of Early Eocene bottom water was low (-4.5‰ V-SMOW) caused by 

organotrophic sulphate reduction and the weathering of volcanic glass particles. 

4. Apatite occurring within the glendonite is supposed to shift the δ18Ocarb values towards 

18O depleted ones. Carbonate is incorporated into the apatite mineral and this carbonate 

is likely liberated during δ18Ocarb analyses due to sample leaching via addition of phos-

phoric acid. 

5. A contribution of Sr from the Zechstein salt brines cannot be ruled out, but most of the 

Ca2+ and Sr2+ ions of the ikaite derived from ambient seawater. 

6. Volcanic ash layers are thought to contribute to ikaite formation. The geochemistry and 

thickness of the ash layers are suggested as controlling factors for the precipitation of 

the ikaite. Ions dissolved from the volcanic glass particles were incorporated into the 

ikaite crystals. 

Ikaite was formed by bacterially induced organotrophic sulphate reduction within phos-

phate- and organic-rich sediments below ash layers of more than 7 cm thickness. It can be con-

cluded that the geochemical environment below an ash layer was most suitable for the formation 

of the ikaite for the Fur Formation. 
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Carbonate concretions and volcanic ashes of the Fur Formation 

Carbonate concretions occur at certain horizons within the Fur Formation. Studying sev-

eral geochemical proxies revealed the following aspects: 

1. Volcanic ash layers contribute to the formation of carbonate concretions, because 

many ash layers were incorporated into concretions. Thus, the ash layer leaching is 

thought to provide ions necessary for the formation of these concretions. 

2. The key process related to the formation of carbonate concretions was organotrophic 

sulphate reduction. Yet, as indicated by the negative δ13Ccarb values, a contribution 

from anaerobic methane oxidation cannot be ruled out. Additionally, δ13Ccarb values 

of +7‰ for the dolomite concretion -17b around ash layer -17 and of +6‰ V-PDB for 

the ankerite concretion of ash layer -20 suggest that methanogenesis delivered the 

bicarbonate for the formation of these concretions. 

3. Rain events during the Early Eocene sporadically caused a riverine influx of terrestrial 

organic matter. This was seen via C/N ratios oscillating over the entire formation. Be-

tween ash layers -33 and -19b, sediments of the recovery phase after the PETM were 

investigated. Low δ13Corg values of -31‰ V-PDB and high C/N ratios of ca. 26 sup-

ported this conclusion. 

4. Negative δ34S values of the water soluble sulphate extracted from carbonate concre-

tions suggest the oxidation of the pyrite, which formed in the sediment. 

5. 87Sr/86Sr ratios indicate that most of the Sr2+ ions stem from Early Eocene seawater 

trapped in the sediment. Only a minor contribution of Sr results from the leaching of 

volcanic ash particles. 

6. The majority of δ34S and δ18O values of carbonate-associated sulphate (CAS) indicate 

that organotrophic sulphate reduction was the main process for the formation of car-

bonate concretions. Only between ash layers -20 and -17 of the Fur Formation, δ13Ccarb 

and δ18Ocarb values, C/N ratio, and biomarker information point to methanogenesis as 

the main bicarbonate source. A transitional zone between methanogenesis and or-

ganotrophic sulphate reduction was observed between ash layers -17 and -13 within 

the Knudeklint Member.  

7. The carbonate concretions formed after the ikaite to glendonite transformation was 

completed. Yet, all parameters imply their early diagenetic formation close to the sea-

floor. 
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Paleotemperatures 

Paleotemperature values reconstructed from different geochemical parameters revealed: 

1. The clumped isotopes of replacive calcite of glendonite yielded a temperature range 

between +2 and +10 °C. From these, a seawater δ18O composition of -4.5‰ V-SMOW 

was calculated. This δ18O value was subsequently used as characteristic of the ambi-

ent water in the respective paleotemperature equations for carbonates and diatom 

silica. 

2. Temperatures calculated based on δ18Ocarb values display a range between -5 and 

+10 °C. Taking the burial history into account, the temperatures derived for the fill 

cement of the glendonite and those for the carbonate concretions appear too low and 

the usage of another 18O enriched δ18O value for the pore water is suggested. 

3. Temperature values based on the oxygen isotopic composition of diatom silica range 

between -4 and +10 °C, but several samples yielded temperatures higher than +10 °C. 

4. In summary, all three isotopic proxies (Δ47, δ18Ocarb, and δ18Odiatom) point to low bottom 

water temperatures between -5 and +10 °C during the formation of ikaite in the Early 

Eocene. 

5. Finally, the subtropical to tropical temperatures indicated by the fossil record and the 

cold temperatures of the bottom water require the presence of a thermocline within 

the water column. As bottom water temperatures were cold enough, ikaite precipi-

tated in the sediments of the Early Eocene Fur Formation. 

Several factors increased the chance of ikaite forming within the sediments of the Fur 

Formation. Besides the migration of Zechstein salt brines into the vicinity of glendonite sites, the 

volcanic ash layers essentially contributed to the formation of ikaite: due to ash leaching, the 

formation of impermeable clay layers, and, even more important, an increase in the pH value 

because of their alteration. The migration of Zechstein salt brines and seawater entrapped in the 

sediments was prevented causing the saturated pore water from which ikaite precipitated. The 

carbonate-free diatomite and the volcanic ash layers were the basis for the formation of ikaite, 

because no carbonate minerals leached out and ikaite could precipitate as a consequence of 

organotrophic sulphate reduction in a cold environment. Due to cold temperatures, a high pH 

value, and a high phosphate concentration, which can be seen in some underlying sediments as 

phosphate nodules or coprolites and as apatite within the glendonite, the formation of calcite 

and aragonite was prevented and large ikaite formed that nowadays has been identified as 

“mega-glendonite”. 

The most important conclusion drawn from this study of glendonites from the Fur For-

mation is that ikaite formed in cool bottom/pore waters and shallow sediments even during the 

warm Early Eocene. Thus, while glendonite formation is related to cool ambient water tempera-

tures, it does not necessarily identify an ice age. Instead, ikaite formation and its subsequent 
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transformation to glendonite proceed under cool environmental conditions as they can also oc-

cur nowadays (e.g. winter season, shelf sediments in a certain water depth with cold water tem-

peratures at the water sediment interface, polar regions, etc.). 

 

7.2 Outlook 

Several questions about the formation of ikaite during the warm Early Eocene and the 

subsequent transformation to glendonite could not entirely be answered in this study. One of 

these questions is whether or not the Zechstein salt brines influenced the formation of ikaite and 

subsequent carbonate concretions within the Fur formation. Jørgensen et al. (2005) explored the 

migration of Zechstein salt diapirs in the underground of Mors and their associated faults. Path-

ways for salt brines in order to reach the sedimentary layers, where the formation of ikaite took 

place, were only assumed, but could not be completely proven via analyses on glendonite. XRF 

measurements of glendonite revealed no direct influence of a salt brine due to low Na2O and K2O 

concentrations (see appendix 7). Nevertheless, analyses of the 87Sr/86Sr ratios of carbonate con-

cretions point to a higher proportion of Zechstein salt brines for the formation of the concretions 

of the Silstrup Member. Therefore, carbonate concretions formed in greater burial depth showing 

a higher proportion of salt brine might point towards a higher impact of salt brines on their for-

mation. Therefore, additional XRF analyses are suggested to unravel the influence of salt brines. 

A second very promising approach to further investigations on the formation of ikaite are 

upcoming research cruises to modern upwelling systems where cold, dense bottom waters are 

raised onto the continental shelf (e.g. Benguela upwelling system and Humboldt upwelling sys-

tem). Within those upwelling systems, a high production of silica-dominated phytoplankton re-

sults in high burial rates of organic-rich sediments. According to Jones et al. (2006), ikaite for-

mation in Eastern Australia was driven by upwelling processes causing cool climate conditions 

in this region during the Permian age. If similar environmental conditions occur in shelf sedi-

ments nowadays, why is ikaite only rarely found in the sediments of recent upwelling systems? 

In the Fur Formation, proto-glendonites without protecting carbonate concretions were investi-

gated in several depths. These proto-glendonites comprising loosely packed replacive calcites 

are supposed to be a consequence of a fast transformation caused by a higher sedimentation 

rate, but this has yet to be proven. As the upper temperature boundary for ikaite stability is 

reached faster in modern upwelling systems, ikaite crystals are smaller in these regions and the 

transformation to glendonite cannot entirely take place. Thus, small-grained conglomerate of 

loosely packed calcite crystals found within drill cores of modern marine sediments might indi-

cate the presence of former ikaite. Due to the fact that these calcite crystals appear as mush in 

a drill core, this ikaite might be missed. Consequently, further investigations of sediments in 

these upwelling regions might yield former ikaite crystals, which have become loosely packed 

calcite crystals. Further analyses of the thermal gradient found within the sedimentary column in 

these modern systems might be able to clarify the thermal history of proto-glendonite and an-

swer the question. 
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9 Appendices 

App. 1: Thickness of the individual ash layers and clay and diatomite inbetween. Note that 

not all ash layers were seen. Thus, the distance between two visible ash layers was measured 

and is given in the third column. The lower part of the Fur Formation and the Stolle Klint Clay 

were no accessible. Therefore, two other studies were taken for the thicknesses this part of 

the profile. 
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App. 2: δ13Ccarb and δ18Ocarb values of drilled glendonite samples. 
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App. 3: δ13Ccarb and δ18Ocarb values of drilled carbonate concretions. 
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Chapter 9 

App. 3: (continued). 
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App. 4: MgCO3 concentration calculated based on the 2Θ peak measurement after Lumsden (1979). 

Above black line: glendonite; below black line: carbonate concretions. 
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App. 5: Summary of microprobe results of the Fur Formation glendonite. 
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App. 6: Summary of microprobe results of the Sumatra glendonite. 
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App. 7: XRF results of bulk glendonite samples. “bdl” stands for 

“below detection limit”. 
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App. 8: 87Sr/86Sr ratios of bulk glendo-

nite samples. 

 

App. 9: Weight of samples for decarbonatization, C/N ratio and δ13Corg analyses, N and C content 

within bulk carbonate concretion samples. 
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App. 10: CAS preparation data of glendonite and carbonate concretion. 
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Appendices 

App. 11: δ34S values of water soluble sulphate (NaCl-

step) recovered during CAS preparation. 
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App. 12: Diatomite samples taken during the field investigation in 2014. 
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App.13: Overview of diatomite sample prepared for δ18Odiatom isotopic analyses. 
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App. 14: Results of the point count analyses of the dia-

tom samples. 

 

  



 

161 

  

Acknowledgements and Curriculum Vitae 

10 Acknowledgements and Curriculum Vitae 

10.1. Acknowledgements 

First of all, I extend gratitude to my dissertation supervisor Prof. Dr. Harald Strauß for his support 

and help with this study. 

I would like to thank PD Dr. Matthias Zabel for his willingness to review my thesis. 

I thank the German Research Foundation (DFG, Project TE 642/3) for the funding of this thesis. 

My many thanks to my advisor Dr. Barbara Teichert, who gave me the chance to do this research. 

This thesis was supported by material supply from the Moler Museet Mors and the Fur Museum. 

I appreciate Hendrik Madsen and Bo Pagh Schultz for collecting all glendonites and carbonate 

concretions. Bo is thanked for giving nice inputs on the newest research on the Fur Formation 

and all his help during the field work in 2014. 

I am grateful to Julius Petersen, Prof. Dr. Gunver Pedersen, Joost Frieling, Dr. Pi Willumsen, Dr. 

Petra Schoon, Dr. Morgan Jones, and Dr. Jan Rasmussen for their discussions and advice during 

the UNESCO World Heritage Symposium. 

For the technical help and support, my thanks to Artur Fugmann who analysed most of my sam-

ples. I also would like to thank Andreas Lutter, Dr. Peter Schmid-Beurmann, Heide-Marie Baier, 

Ulrike Berning-Mader, and Anne Niehus for their laboratory support. Beate Schmitte, Dr. Jasper 

Berndt-Gerdes, Thorsten Grundt, and Manuel Tiedeken are thanked for the instruction and exe-

cution of microprobe and SEM analyses. Additionally, PD Dr. Nikolaus Gussone is acknowledged 

for the Sr and Ca isotope measurements and the subsequent data analyses. Dr. Daniel Birgel is 

acknowledged for the biomarker analyses, Prof. Dr. Torsten Vennemann for the δ18Odiatom investi-

gations, and Prof. Dr. Jens Fiebig for the measurement of the clumped isotopes. Traudel 

Fährenkemper is thanked for her assistance for problems with graphic programs. 

A big “thank you” goes to my mensa collegues Dr. Sven Hartenfels, Stefan Helling, and Sören 

Stichling for all the nice conversations during meals. Many thanks to Dr. Flora Boekhout, 

Katharina Siedenberg, Simon Schurr, Caroline Heineke, Dr. Reinhard Wolff, Martin Hoferichter, 

and Jaqueline Bertlich for their friendly and loyal support. I owe a great depth of gratitude to 

Vanessa Fichtner for the friendship during all these years. Without these people I wouldn´t have 

had this woderful time at the institute. 

Rosel Horsters-Bromkamp is acknowledged for her help with the English language. 

Finally, I want to thank my parents, my brother, and my sister for the encouragement received. I 

thank my boyfriend Uli for his care and support. 

  



  

162 

 

Chapter 10 

10.2. Curriculum vitae 

 

 

 


