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Abstract 

Biomineralised hard tissues such as shells and skeletons of fossil marine invertebrates 

constitute the most important physical record of palaeoenvironmental conditions. 

However, living organisms are not in thermodynamic equilibrium with their 

environment and create local chemical compartments within their bodies where 

physiologic processes occur. After death of the organism, physiological conditions, 

which were present during biomineralisation, are not sustained any further. Thus, the 

system moves towards equilibrium with the surrounding inorganic physicochemical 

system. During diagenesis hard tissues may be exposed to elevated temperature and 

pressure conditions as well as to surrounding fluids over geological time scales. 

Consequently, the original biogenic structure of aragonitic or calcitic tissue vanishes and 

is replaced by inorganic structural features often characterised by the occurrence of 

secondary calcite. Furthermore, degradation of biopolymer matrices, distortion of the 

initial morphology and microstructural features are commonly caused by diagenetic 

overprint. The degree of diagenetic alteration of marine skeletal hard tissues may vary 

significantly and depends on conditions of the particular diagenetic environment. 

However, the correct assessment of palaeoenvironmental evolution and dynamics based 

on elemental and isotopic characteristics is only possible when pristine, unaltered hard 

tissues are analysed. Therefore, the unambiguous distinction between unaltered hard 

tissues and diagenetically altered parts is of fundamental importance for the reliability of 

any palaeoenvironmental reconstruction study based on such samples. 

In order to improve understanding of diagenetic alteration and to assess the 

degree of diagenetic overprint of biogenic aragonites and (low-Mg) calcites, modern 

specimens of selected bivalves (Arctica islandica, Mytilus edulis), brachiopods (Terebratalia 

transversa), scleractinian corals (Porites sp.), and gastropods (Haliotis ovina) were 

subjected to hydrothermal alteration experiments simulating diagenetic alteration. 

Experiments were conducted between 100 and 175 °C for 1-84 days in solutions 

simulating either meteoric or burial fluids. Based on the experimental findings the 

influence of different microstructures on the degree of alteration, and thus, their 

potential to withstand diagenetic overprint was evaluated. In parallel, diagenetic 

alteration in selected fossil low-Mg calcite brachiopods such as Digonella digona, 

Lobothyris punctata, Platystrophia laticostata, and Quadratirhynchia attenuata was 

investigated accordingly. Utilised fossil specimens differed in shell microstructure 

(punctate/impunctate), lived at different geologic times, and underwent distinct burial 

depths and conditions.   

The qualitative assessment of the degree of alteration was based on images of 

optical overprint signals on the macro- to the nanometre scale obtained by Field-
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Emission Scanning Electron Microscopy (FE-SEM), Cathodoluminescence (CL), and 

Atomic Force Microscopy (AFM). Changes in crystal orientation patterns were 

determined by high-resolution Electron Backscatter Diffraction (EBSD). This multi-

analytical approach was further supported by statistical evaluation of crystal co-

orientations and grain size distributions, which allowed to assign qualitative degrees of 

(simulated) diagenetic alteration to marine calcareous skeletal parts. The results obtained 

from modern and hydrothermally altered biogenic carbonates allowed for a comparison 

to naturally altered fossil specimens. 

During hydrothermal alteration at 100 °C the initial skeletal morphologies, 

mineralogies and microstructures were preserved down to the sub-micrometre scale and 

partial decomposition of biopolymer matrices was observed. In hydrothermal 

experiments conducted at 175 °C initial biogenic mineralogy was replaced by inorganic 

calcite due to dissolution-reprecipitation reactions after a dormant time of a few days. 

However, initially aragonitic skeletons were notably more prone to replacement 

reactions compared to originally (low-Mg) calcitic or nacreous aragonitic hard tissues 

resulting in differing degrees of alteration for varying biocarbonate microstructures. 

With increasing experimental time alteration proceeded and resulted in (1) entire 

destruction of biopolymers, (2) almost complete replacement of initial aragonite/low-Mg 

calcite by inorganic calcite, (3) precipitation of secondary inorganic calcite with 

concomitant grain coarsening, (4) development of porous secondary minerals, as well as 

(5) amalgamation of neighbouring mineral units. Amalgamation is the term chosen to 

name the phenomenon when two neighbouring grains of slightly different 

crystallographic orientation merge to form one coherent crystallographic lattice. 

Nucleation and growth of thermodynamically most stable (inorganic) calcite was 

observed in all marine calcareous hard tissues at locations which allowed for fluid-solid 

contact such as shell surfaces, endopunctae and open pore systems. All findings in 

experimentally altered biogenic carbonate hard parts could also be observed in natural, 

diagenetically altered fossil specimens, which either showed preserved pristine areas 

next to overprinted parts or severe overprint expressed by distortion of delicate 

structural features on the micrometre scale and formation of inorganic calcite.  

The application of CL and FE-SEM on naturally and hydrothermally altered 

biogenic carbonate hard tissues allowed for preliminary observations of the degree of 

diagenetic alteration, however, EBSD and AFM were necessary tools in order to obtain a 

more comprehensive assessment of the degree of overprint. Diagenetic changes as well 

as degrees of overprint down to the micrometre scale could be visualised by unequivocal 

identification of highly-detailed alteration features within the microstructure (e.g., 

amalgamation of neighbouring mineral fibres or nacre tablets), and the occurrence and 

amount of inorganic calcite replacing biogenic calcium carbonates by dissolution-

reprecipitation reactions. In summary, preservation of initial biogenic mineralogy and 
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delicate biogenic microstructural features combined with the absence of secondary 

calcite formation are strong indicators for an unaltered specimen. These indicators can 

commonly be found in hard tissues comprised of metastable CaCO3 subjected to low 

diagenetic temperatures. The promising preservation potential qualifies such specimens 

as ideal archives for palaeoenvironmental studies. In contrast, moderate to severe 

diagenetic alteration observed in (fossil) biogenic carbonates caused by aggressive 

conditions and long experimental/geological time scales, respectively, resulted in poor 

preservation of the initial mineralogy and microstructural features. Thus, these marine 

carbonate hard tissues are not resistant to diagenetic alteration, and more importantly, 

not suitable for reconstruction studies of past climate dynamics. 
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Zusammenfassung 

Biomineralisierte Hartteile wie Schalen und Skelette fossiler mariner Invertebraten 

bilden das wichtigste materielle Archiv vergangener Umweltbedingungen. Jedoch 

stehen lebende Organismen im thermodynamischen Ungleichgewicht mit ihrer Umwelt 

und erzeugen lokale chemische Kompartimente innerhalb ihrer Körper, in denen 

physiologische Prozesse stattfinden. Nach dem Tod des Organismus werden 

physiologische Bedingungen, die während des Biomineralisationsprozesses vorhanden 

waren, nicht mehr aufrechterhalten, so dass sich das System in Richtung Gleichgewicht 

mit dem umgebenden anorganischen, physikalisch-chemischen System bewegt. 

Während Diagenese können die Hartteile über geologische Zeiträume erhöhten Druck- 

und Temperaturbedingungen sowie Fluiden ausgesetzt sein. Dadurch wird die 

ursprünglich biogene Struktur der Hartteile durch anorganische Strukturmerkmale 

ersetzt, die oftmals durch das Auftreten von Sekundärcalcit charakterisiert sind. 

Diagenetische Überprägung biogener Materialien wird desweiteren häufig vom Zerfall 

der Biopolymer-Matrix, Verzerrung der ursprünglichen Morphologie und der 

mikrostrukturellen Eigenschaften begleitet. Dabei kann der Grad der Alteration mariner 

Hartteile signifikant variieren und primär von den Bedingungen der jeweiligen 

diagenetischen Umgebung abhängen. Die korrekte Bewertung der 

Paläoumweltentwicklung und -dynamik auf der Basis von Element- und 

Isotopeneigenschaften ist jedoch nur möglich, wenn ursprüngliche, unveränderte 

Hartgewebe analysiert werden. Daher ist die eindeutige Unterscheidung zwischen 

unveränderten und diagenetisch veränderten Hartschalen von grundlegender 

Bedeutung für die Zuverlässigkeit von Rekonstruktionen der Paläoumwelt, die auf 

solchen Proben beruhen. 

Um das Verständnis der diagenetischen Alteration zu verbessern und den Grad 

der diagenetischen Überprägung von biogenen Aragoniten und (niedrig-Mg) Calciten zu 

bestimmen, wurden ausgewählte rezente Bivalven (Arctica islandica, Mytilus edulis), 

Brachiopoden (Terebratalia transversa), Steinkorallen (Porites sp.) und Gastropoden 

(Haliotis ovina) hydrothermalen Alterationsexperimenten unterworfen, um eine 

diagenetische Veränderung zu simulieren. Experimente wurden zwischen 100 und 

175 °C für 1 bis 84 Tage in Lösungen, die entweder meteorische oder Versenkungsfluide 

simulierten,  durchgeführt. Basierend auf den experimentellen Befunden wurde der 

Einfluss verschiedener Mikrostrukturen auf den Grad der diagenetischen Alteration, 

und damit ihr Potenzial der diagenetischen Überprägung zu widerstehen, evaluiert. 

Gleichzeitig wurden niedrig-Mg Calcit Schalen ausgewählter fossiler, diagenetisch 

überprägter Brachiopoden (Digonella digona, Lobothyris punctata, Platystrophia laticostata 

und Quadratirhynchia attenuata) in gleicher Hinsicht untersucht. Die verwendeten 
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fossilen Proben unterschieden sich in ihrer Mikrostruktur (punktat/impunktat), im 

geologischen Alter und waren unterschiedlichen Versenkungstiefen sowie -bedingungen 

ausgesetzt.  

Die qualitative Bewertung des Grades der diagenetischen Veränderung basiert 

auf optischen Überprägungssignalen auf Makro- bis Nanometerebene, die mit 

Feldemissions-Elektronenmikroskopie (FE-SEM), Kathodolumineszenz (CL) und 

Rasterkraftmikroskopie (AFM) erfasst wurden. Änderungen in 

Kristallorientierungsmustern wurden mittels Elektronenrückstreubeugung (EBSD) 

untersucht. Dieser multianalytische Ansatz wurde durch eine statistische Auswertung 

der Kristallkoorientierung und Korngrößenverteilung unterstützt, die es ermöglichte 

den marinen Kalkskelettteilen qualitative Grade der (nachgeahmten) diagenetischen 

Alteration zuzuordnen. Die für die rezenten und hydrothermal alterierten biogenen 

Carbonate erhaltenen Ergebnisse ermöglichten einen Vergleich mit denen für natürlich 

alterierte, fossile Teststücke.  

Während der hydrothermalen Alteration bei 100 °C wurde die Erhaltung 

ursprünglicher Skelettmorphologien, Mikrostrukturen und Mineralogie bis in den 

Submikrometerbereich sowie eine partielle Zersetzung der Biopolymer-Matrix 

beobachtet. In hydrothermalen Experimenten bei 175 °C wurde die ursprüngliche 

biogene Mineralogie nach einer inaktiven Phase von einigen Tagen aufgrund von 

Lösungs-Repräzipitationsreaktionen durch anorganischen Calcit ersetzt. Aragonit-

Hartteile waren im Vergleich zu ursprünglich (niedrig-Mg) Calciten und Perlmutt 

jedoch deutlich anfälliger für diese Reaktionen, was zu unterschiedlichen 

Alterationsgraden der verschiedenen Mikrostrukturen führte. Mit zunehmender 

experimenteller Zeit schritt die Veränderung fort und führte zu (1) vollständiger 

Zerstörung von Biopolymeren, (2) fast vollständigem Ersatz von ursprünglichem 

Aragonit/Mg-Calcit durch anorganischen Calcit, (3) Ausfällung von sekundärem, 

anorganischem Calcit mit gleichzeitiger Kornvergröberung, (4 ) Entwicklung poröser 

Sekundärminerale sowie (5) Amalgamation benachbarter Mineraleinheiten. Der Begriff 

Amalgamation wird verwendet, um das Phänomen, wenn zwei benachbarte Körner mit 

einer geringfügig anderen kristallographischen Orientierung sich zusammenfügen, um 

ein kohärentes kristallographisches Gitter zu formen, zu bezeichnen. Keimbildung und 

Wachstum thermodynamisch stabilstem (anorganischem) Calcit wurde in allen marinen 

kalkhaltigen Hartteilen an Stellen beobachtet, die einen Fluid-Feststoff-Kontakt 

erlaubten, wie beispielsweise Schalenoberflächen, Endopunctae und offene 

Porensysteme. Alle Befunde an experimentell alterierten biogenen Carbonat-Hartschalen 

konnten auch in natürlichen, diagenetisch veränderten Fossilien beobachtet werden, die 

entweder erhaltene, unberührte Bereiche neben überprägten Bereichen aufwiesen oder 

eine starke Überprägung zeigten, die durch Veränderungen delikater Strukturmerkmale 
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auf der Mikrometerskala sowie Bildung von anorganischem Material zum Ausdruck 

kamen.  

 Die Anwendung von CL und FE-SEM an natürlich und hydrothermal alterierten 

biogenen Carbonat-Hartschalen ermöglichte direkte Beobachtungen des Grades 

diagenetischer Überprägung. Jedoch sind EBSD und AFM notwendige Tools, um den 

Grad diagenetischer Überprägung umfassend zu beurteilen. Diagenetische 

Veränderungen sowie Grade der Überprägung können bis in den Mikrometerbereich 

durch eine eindeutige Identifizierung hochdetaillierter Alterationsmerkmale innerhalb 

der Mikrostruktur (z. B. Amalgamation benachbarter Fasern oder Tafeln) und dem 

Auftreten und der Menge an anorganischem Calcit, der biogene Calciumcarbonate 

durch Auflösung-Repräzipitationsreaktionen ersetzt, visualisiert werden.  

Zusammenfassend sind die Erhaltung der ursprünglichen biogenen Mineralogie 

und der feinen biogenen, mikrostrukturellen Merkmale in Verbindung mit der 

Abwesenheit sekundären Calcits starke Indikatoren für eine unveränderte Probe. Diese 

Indikatoren können üblicherweise in Hartschalen aus metastabilem CaCO3 gefunden 

werden, die niedrigen diagenetischen Temperaturen ausgesetzt waren. Das 

vielversprechende Erhaltungspotenzial qualifiziert solche Proben als ideale Archive für 

Paläoumweltstudien. Im Gegensatz dazu führt eine moderate bis starke diagenetische 

Veränderung durch aggressive Bedingungen und lange experimentelle/geologische 

Zeitskalen zu einer schlechten Erhaltung der ursprünglichen mineralogischen und 

mikrostrukturellen Eigenschaften (fossiler) biogener Carbonate. Aus diesem Grund sind 

solche Carbonat-Hartteile nicht für Rekonstruktionsstudien der vergangenen 

Klimadynamik geeignet. 
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1 Introduction 

The work presented in this dissertation is part of the first phase of the collaborative 

research initiative “CHARON: Marine Carbonate Archives: Controls on Carbonate 

Precipitation and Pathways of Diagenetic Alteration” (DFG Forschergruppe 1644) funded 

by the German Research Council (Deutsche Forschungsgemeinschaft DFG).  

A consortium of interdisciplinary research teams from Germany, Austria, and 

Switzerland, formed by groups from Ruhr-Universität Bochum, Helmholtz-Zentrum für 

Ozeanforschung (GEOMAR) Kiel, Technische Universität Graz, Westfälische Wilhelms-

Universität Münster, Universität Bern, and Ludwig-Maximilians-Universität München, set 

the objective to obtain improved knowledge and understanding of complex diagenetic 

processes and pathways of marine carbonates. In detail, these are (1) microbiological, 

physical and geochemical parameters of marine settings of the Phanerozoic, which 

control the microbial- induced as well as inorganic precipitation of carbonates, and (2) a 

quantitative comprehension of (post-mortem/post-depositional) diagenetic processes, 

which have an influence on geochemical properties and mineralogy of marine carbonate 

archives. By combining innovative and multidisciplinary approaches of experts in 

geochemistry, sedimentology, palaeontology, microbiology, crystallography, as well as 

materials science, CHARON provides a unique opportunity to reach these goals.  

Biogenic carbonate hard tissues are formed with direct influence of living 

organisms during the process of biomineralisation. After the animal´s death, the corpse 

is deposited on the seafloor. With increasing time, degradation of biopolymer matrices 

and sedimentation are taking place leading to the burial of marine biocarbonates. With 

increasing sedimentary cover and under the influence of endogenic geological processes, 

buried biogenic hard tissues undergo diagenetic alteration as well as dissolution-

reprecipitation, and mineral replacement reactions. These processes are considered to be 

taking place up to 20 km in depth, can be accompanied by the occurrence of fluids, and 

last until the final uplift of the geologic formation to the Earth´s surface. 

Fossil materials like belemnites or bivalves are essential in reconstruction studies 

of the palaeoclimate and have potentially undergone diagenetic overprint. The 

determination of their preservation state as well as suitability in research studies 

regarding estimation of seawater temperatures of the geologic past, however, proves to 

be difficult to impossible by macroscopic observations. To overcome this obstacle, this 

thesis covers mainly materials science and crystallographic aspects of diagenetic 

alteration in biogenic carbonate hard tissues as well as some geochemical data. The 

investigations focus on microstructure and texture within a variety of naturally and 

experimentally altered biocarbonate specimens. Based on a variety of analytical 

screening methods, the present dissertation shows to which degree as well as probability 
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laboratory-based and naturally occurring diagenesis has an effect on the preservation 

state of several marine biogenic carbonates with differing microstructures and 

mineralogy. Crystallographic studies covering EBSD orientation maps, textures, possibly 

fractal distributions of grain size, and multiples of uniform distribution are the first steps 

in empirically assessing the degree of diagenetic alteration, thus, enabling new insights 

on the suitability of fossil materials for reconstruction studies of the palaeoclimate.  

To finalise the introductory words and to point out the interdisciplinary 

teamwork of the CHARON project, this subchapter ends with a citation from Leadbeater 

and Riding (1987): 

 

“Biomineralization links soft organic tissues, which are compositionally akin to the atmosphere 

and oceans, with the hard materials of the solid Earth. It provides organisms with skeletons and 

shells while they are alive, and when they die these are deposited as sediment in environments 

from river plains to the deep ocean floor. It is also these hard, resistant products of life which are 

mainly responsible for the Earth´s fossil record. Consequently, bio-mineralisation involves 

biologists, chemists, and geologists in interdisciplinary studies at one of the interfaces between 

Earth and life.” 

1.1 Calcium carbonate phases in biological and 

geological environments 

Calcium is one of the most abundant cations on the Earth’s surface and occurs in about 

50 % of the 64 known biominerals (Lippmann 1973; Lowenstam and Weiner, 1989; Knoll, 

2003; Weiner and Dove, 2003). Most calcium is present as calcium carbonate (CaCO3) 

which is formed by organisms (e.g., brachiopods, molluscs, foraminifera; Mann, 2001) 

for several purposes, such as protective shield against predators (Gosling, 2003; 

Mackenzie et al., 2014) or enhancement of respiration (Alexander, 2001). Table 1.1 gives 

an overview on biogenic calcium carbonates which are formed by several organisms. 

Given the importance and prevalence in Earth´s history, (fossil) marine organisms with 

biogenic carbonate hard tissues (e.g., brachiopods, bivalves) were selected as specimens 

for investigations in the framework of the present dissertation. 

 Calcite is the most abundant biogenic and rock-forming carbonate mineral on 

Earth (Lippmann, 1973; Reeder, 1990; Smyth and Ahrens, 1997). This can be attributed to 

the fact that anhydrous calcite is the CaCO3 polymorph thermodynamically most stable 

at ambient conditions (Plummer and Busenberg, 1982; Radha and Navrotsky, 2013; 

Casella et al., 2017). Biogenic calcite is represented by, e.g., shells of bivalves (Checa et 
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al., 2013; Casella et al., 2018c) or brachiopods (Griesshaber et al., 2007a; Pérez-Huerta et 

al., 2007; Schmahl et al., 2012; Casella et al., 2018a, 2018b). 

Table 1.1: Examples of biogenic calcium carbonate which can be found in the corresponding 

organisms. 

Polymorph Chemical Formula Organism Reference 

Calcite CaCO3 Argonauts Wolfe et al., 2013 

Stevens et al., 2015 

  Belemnites Hoffmann et al., 2016 

Stevens et al., 2017 

  Brachiopods Schmahl et al., 2004  

Griesshaber et al., 2007a 

Casella et al., 2018a, 2018b 

  Coccolithophores Beaufort et al., 2008 

Yin et al., 2018 

  Crustaceans Hild et al., 2008 

Huber et al., 2015 

  Foraminifera de Nooijer et al., 2009 

Branson et al., 2013 

Naganuma et al., 2014 

Magnesian calcite Ca1-x MgxCO3 Brachiopods Cusack et al., 2008a 

Butler et al., 2015 

  Echinoderms McClintock et al., 2011  

Griesshaber et al., 2012 

  Red Corals Vielzeuf et al., 2013 

Floquet et al., 2015 

  Red Coralline Algae Aharon, 1991 

Burdett et al., 2012 

Aragonite CaCO3 Cephalopods Brand ,1987 

Rexfort and Mutterlose, 2009 

  Gastropods Checa et al., 2016 

Casella et al., 2018c 

  Molluscs Schöne et al., 2005a 

Casella et al., 2017 

  Scleractinian Corals Böhm et al., 2006 

Krief et al., 2010 

Casella et al., 2018c 

Vaterite CaCO3 Bivalves Cerrato, 2000 

Spann et al., 2010 

  Sea Squirts Novoa et al., 2008 

Pokroy et al., 2015 

Amorphous 

Calcium Carbonate 

(ACC) 

CaCO3·nH2O Crustaceans Becker et al., 2003 

Sato et al., 2011 

 Plants Levi-Kalisman et al., 2002 

Gal et al., 2012 
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The crystal structure of calcite was determined by Bragg in 1914 (Lippmann, 1973). 

Calcite is categorised into the trigonal crystal class with the space group      and unit 

cell parameters a = b = 4.990 Å, c = 17.00 Å (Chessin et al., 1965; Rachlin et al., 1992). The 

pseudohexagonal structure of calcite can be described as alternating layers of Ca2+ and 

   
   groups aligned perpendicular to the c-axis. Between layers, the bonding is 

interionic,    
  -groups within a layer have identical orientations and are co-planar, 

whereas    
  -layers show a rotation of 180 ° with respect to the neighbouring layers 

below and above (Bragg, 1914). Calcite cleaves perfectly at the {     } atomic plane 

forming rhombohedra (Rachlin et al., 1992; Lüttge and Conrad, 2004). In addition to pure 

calcite, magnesium-bearing calcites are known to occur as solid solution. This was 

discovered by X-ray studies on skeletal tissues in the 1950´ies (Chave, 1954; Goldsmith et 

al., 1955; Lippmann, 1973). Magnesian calcites are not restricted to biogenic carbonates 

and may appear as purely inorganic counterpart in nature such as dolomitic marbles or 

calcareous tufa (Lippmann, 1973). A content of up to 4 mol% MgCO3 is referred to as low 

Mg-calcite which is more stable at Earth´s surface conditions than high-Mg calcite with 

contents ≥4 mol% MgCO3 (Chave, 1954; Milliman, 1974; Reeder, 1990; Brand, 1994; 

Stanley et al., 2002; Morse et al., 2006).  

Aragonite is the high-pressure polymorph of CaCO3 (Le Chatelier, 1893; Helgeson 

et al., 1978; Frisia et al., 2002; Radha and Navrotsky, 2013) and thermodynamically less 

stable compared to calcite (Falini et al., 1996). This mineral is reported to be the most 

abundant CaCO3 mineral in marine carbonate-rich sediments found at shelf depths 

below 200 metres (Morse et al., 2006). Furthermore, it constitutes hard tissues of certain 

organisms, e.g., madreporian corals (Lippmann, 1973) and scleractinian corals (Böhm et 

al., 2006; Wombacher et al., 2011). Aragonite also forms nacre which can be found in 

bivalves (Carpenter, 1848; Schmidt, 1924; Wada, 1972; Checa et al., 2006; Griesshaber et 

al., 2013; Maier et al., 2014; Casella et al., 2018c), gastropods (Wise, 1970; Mutvei, 1978, 

1980; Nakahara, 1983, 1991; Checa et al., 2006, 2009; Casella et al., 2018c), and oyster 

pearls (Hatchett, 1799; Watanabe, 1965; Bevelander and Nakahara, 1969; Saruwatari et 

al., 2009; Naganuma et al., 2014). Aragonite is assigned to the orthorhombic crystal 

system with the space group Pmcn and the lattice constants a = 4.9614 Å, b = 7.9671 Å 

and c = 5.7404 Å (De Villiers, 1971). The crystal structure of aragonite was assessed by 

Bragg (1924) and Wyckoff (1925) and is described as alternating layers of Ca2+ and non-

planar    
   groups, which are oriented perpendicularly to the c-axis (Dickens and 

Bowen, 1971).  

Vaterite is reported to be the least stable crystalline calcium carbonate polymorph 

(Lippmann, 1973; Falini et al., 1996; Radha and Navrotsky, 2013). The mineral is less 

commonly formed by organisms (Lowenstam, 1981; Lowenstam and Weiner, 1989; Falini 

et al., 1996; Schenk et al., 2014; Pokroy et al., 2015), but plays an important role as 

transient phase during the formation of CaCO3 from solutions (Lippmann, 1973; 
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Lowenstam and Abbott, 1975; Sawada, 1997; Grasby, 2003; Rodriguez-Blanco et al., 

2011). This calcium carbonate polymorph can also be found in environments, which 

exhibit high concentrations of sulphate and salinity (Lippmann, 1973). Rare occurrences 

of vaterite as biomineral include multicrystalline spicules of solitary tunicates (e.g., 

Herdmania momus) or tablets in lacklaster pearls (Qiao et al., 2007; Schenk et al., 2014; 

Pokroy et al., 2015). After more than 50 years of research, the crystal structure of vaterite 

is still highly debated. Until the present day, over a dozen crystal structure models have 

been suggested (Demichelis et al., 2013), thus, many different space groups with varying 

lattice parameters can be found in literature (Tang et al., 2009), such as orthorhombic 

space group Ama2 and lattice parameters a = 8.4721 Å, b = 7.1575 Å, c = 4.1265 Å (Le Bail 

et al., 2011) or monoclinic structure C2/c and lattice parameters a = 12.17 Å, b = 7.12 Å, c = 

25.32 Å (Mugnaioli et al., 2012). Data derived from neutron powder diffraction suggests 

the best fit among all proposed structure models, with the space group P6522 and 

corresponding lattice parameters a = b = 7.1443 Å and c = 25.350 Å (Chakoumakos et al., 

2016). The structure of hexagonal vaterite is a disordered structure with an ABC 

sequence along the c-axis (Wang and Becker, 2009).  

The highly unstable amorphous calcium carbonate (ACC) is found in organisms 

where it is assumed to act as a transient precursor phase (Addadi et al., 2003; Lam et al., 

2007; Han and Aizenberg, 2008). Despite the metastable properties of ACC, it is formed 

by some organisms as skeletal hard tissues (Aizenberg et al., 1996, 2002; Han and 

Aizenberg, 2008). The amorphous CaCO3 phase was first discovered in chiton teeth 

(Towe and Lowenstam, 1967; Cartwright et al., 2012) and can also be found in 

crustaceans (Raz et al., 2002; Sugawara et al., 2006), echinoderms (Beniash et al., 1997; 

Raz et al. 2003), molluscs (Weiss et al., 2002; Xiang et al., 2014) and even between organic 

membranes in the innermost part of the secondary layer of the terebratalia brachiopod 

Megerlia truncata (Griesshaber et al., 2009). The stabilisation of ACC is assumed to be 

controlled by factors such as ionic molecules, membranes, macromolecules, and water 

(Loste et al., 2003; Xu et al., 2005; Guillemet et al., 2006; Politi et al., 2006; Huang et al., 

2007). It has been demonstrated that the usage of citrate, inorganic phosphate, and 

phosphoenol pyruvate exert control on the stabilisation process of ACC in cuticles of 

crustaceans (Akiva-Tal et al., 2011; Sato et al., 2011). The detailed mechanism how these 

organisms produce stable ACC, however, remains unsolved.  

Two amorphous calcium carbonate phases differing in their solubility and 

structure are known to exist, i.e., ACC I and ACC II. ACC I is characterised by higher 

stability as well as a short-range order which resembles that of calcite, whereas ACC II 

exhibits a lower stability and a short-range order analogous to vaterite (Gebauer et al., 

2008). Following this analogy, Gebauer and co-workers (2010) established the notion of 

polycrystalline structuring in amorphous calcium carbonate as follows: ACC I is 

declared as proto-calcite and ACC II as proto-vaterite.   
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More amorphous and hydrous calcium carbonate forms are known to exist next to the 

polymorphs, i.e., the monohydrate (CaCO3·H2O) and hexahydrate (CaCO3·6H2O) which 

is also known as ikaite (Brooks et al., 1950; Lippmann, 1973). As these two modifications 

play no important role in terms of biomineralisation, microstructure and texture 

evolution under diagenetic conditions, they are not further discussed in the present 

thesis. A widespread current paradigm on ‘non-classical nucleation’ of calcite (e.g., 

Gebauer and Cölfen, 2011) invokes an alledged sequential reaction pathway (Fig. 1.1) 

originally proposed by Gower (2008). This author proposes that calcite formation in 

aqueous solutions can be described in relation to activation energy barriers as well as 

Gibbs free energy by following reaction pathways (Fig. 1.1). Pathway I is represented by 

a single-step reaction which requires overcoming of a large activation energy barrier, 

whereas pathway II is characterised by a sequence of intermediate phases with smaller 

energy barriers (Ostwald´s ‘rule of stages’).  

 

 

Figure 1.1: Schematic drawing illustrating the reaction pathways of calcite formation with the 

associated change in Gibbs free energy and energy barriers as proposed by Gower (2008). 

Pathway I describes classical crystallisation whereas Pathway II implies calcite formation via a 

multi-step route starting with the formation of ACC, vaterite and/or aragonite with interjacent 

steps (Ostwald´s ‘rule of stages’). ΔGN(I) is the activation energy barrier associated with nucleation, 

ΔGg(I) is the activation free energy associated with growth, and ΔGT is the activation energy 

barrier related to phase transformation (modified after Gower, 2008).  



Introduction 

 

7 

 

The thermodynamic stability of the intermediate phases increases with ever step starting 

with the formation of unstable ACC, which then changes to more stable vaterite or 

aragonite and lastly to calcite. However, this scenario completely disregards the 

mechanism of dissolution-reprecipitation reactions (Putnis, 2009) and supposes direct 

solid/solid transformations of each metastable solid phase into the next energetically 

more favourable phase as a step-by-step reaction (more information on dissolution-

reprecipitation reaction is given in chapter 1.3). 

1.2 Fundamentals of diagenesis 

The term diagenesis describes chemical (elemental, isotopic), physical, mineralogical, 

and structural (macro- to nanoscale) changes in sediments during and after their 

deposition and subsidence to greater depths. Due to post-depositional processes, the 

initial sedimentary assemblages as well as their interstitial pore fluids follow reactions 

leading to geochemical and textural equilibrium with their respective environments 

(Curtis et al., 1977; Burley et al., 1985; Brand, 1994; Wilson and Pollard, 2002; Worden 

and Burley, 2009; Press et al., 2011). These reactions lead to changes in mineralogy, 

microstructure, and texture1 and determine the final state (i.e., destruction or 

preservation) of the buried and altered sediment (Wilson and Pollard, 2002). 

Furthermore, compaction and lithification transforms initially unconsolidated 

sediments, e.g., quartz, grains or biogenic and inorganic calcium carbonate particles, into 

solid rocks, e.g., sandstone or limestone, respectively (Tucker, 1990a; Worden and 

Burley, 2009; Press et al., 2011). 

The process of diagenesis persists until the solid rock is either subjected to 

weathering or metamorphism. Figure 1.2 illustrates the pressure and temperature 

regime which distinguishes diagenesis from metamorphism. As variations in pressure 

and temperature play a major role in diagenetic processes, the transition from diagenesis 

to metamorphism is seamless without a clear division (Sujkowski, 1958; Ali et al., 2010; 

Press et al., 2011). Due to the catalytic behaviour of fluids originating from either 

oceanic/marine or continental/meteoric environments or a combination of both realms 

during diagenesis, concomitant alteration processes proceed at faster rates in terms of 

geological time scales. Variations in the chemistry of pore waters, temperature, and  

                                                     
1 Note here that the term texture has a different meaning in geological communities 

compared to its crystallographic meaning, which is mainly utilised in the present dissertation if 

not declared otherwise. The former definition refers to as the entire appearance of a rock due to 

the arrangement, shape and size of its constituent mineral grains (Altree-Williams et al., 2015). 

The latter refers to crystallographic preferred orientation of mineral grains (Wenk and Van 

Houtte, 2004). 
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Figure 1.2: Pressure-temperature diagram illustrating the conditions at which diagenesis (green 

area) and metamorphism take place. The crustal geotherms of 10 °C/km and 30 °C/km are typical 

for stable cratons and rifted sedimentary basins, respectively. Modified after Worden and Burley 

(2009). 

pressure control reactions during diagenetic processes with decreasing impact and built 

the driving force for diagenetic alteration or overprint (Takahashi and Broecker, 1977; 

Emerson et al., 1980; Sayles, 1980; Morse, 2003; Worden and Burley, 2009).  

Within the Earth´s crust, the increase in temperature accounts to 30 °C/km in 

average. Hence, sediments located at 4 km below the surface of the Earth may be 

exposed to temperatures of around 120 °C. Organic substances like algae and bacteria 

which are exposed to these environmental conditions are transformed to fossil oil and 

natural gas (Press et al., 2011). 

The transformation of unconsolidated sediments into solid rock is mainly caused 

by compaction via lithospheric pressure which generally increases by 1 hPa each 4.4 m in 

depth. However, it can be also induced by the chemical process of cementation. 

Reprecipitation processes result in a decrease in porosity of the sediment (Bathurst, 1975; 

Brand and Veizer, 1980; Press et al., 2011). 

A broad spectrum of post-depositional modifications in sediments is 

encompassed by diagenetic processes including:  

[1] Lithification of the sediment due to the weight of superimposed layers of new, 

loose sediment.  

[2] Cementation, a process in which new minerals precipitate inside cavities between 

the deposited components. Processes (1 – 2) take place during burial.  

[3] Weathering processes in sub-aerial environments.  
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[4] Dissolution of solid host rock by an aqueous solution penetrating voids and pores, 

subsequently creating new cavities within the host sediment.  

[5] Recrystallisation which implies modification in shape and size of crystals as result 

of thermodynamic equilibration.  

[6] Neomorphism describes changes which are taking place due to either polymorphic 

transformations and/or recrystallisation. Processes (4-6) require the presence of an 

aqueous medium (Schmidt and Mcdonald, 1979; Burley and Kantorowicz, 1986; 

Worden and Burley, 2009; Boggs, 2010; Press et al., 2011).  

[7] Dolomitisation describes the replacement reaction of calcite by dolomite due to the 

exchange of Ca2+ by Mg2+ ions at Ca2+-sites within the carbonate crystal structure. 

[8] Carbonate deposits can undergo either chemical or mechanical compaction due to 

increased overburden pressure, if cementation has not yet taken place.  

Diagenetic processes are not only limited to inorganic carbonates but also occur in 

bioclasts which undergo alteration caused by organisms as long as they reside on the 

seafloor or even below. Drill holes created by marine organisms at the surface of 

biogenic carbonates are then filled with fine-grained marine cement after the death of the 

boring organism. This process is known as microbial micritisation (Bathurst, 1975; 

Machel and Mountjoy, 1986; Taylor and Sibley, 1986; Tucker, 1990a; Brand, 1994; Morse, 

2003; MacDonald et al., 2015). 

1.2.1 Diagenetic regimes 

Diagenetic processes are known to occur in three major environments, so called 

diagenetic regimes (see Figure 1.3):  

[1] The meteoric regime includes all environments above and below the ground-water 

table, and underlying mixed freshwater-seawater environments. Meteoric 

diagenesis can have an impact on sediments directly after their deposition. 

Alteration processes arise from microbial activities as well as water-mineral 

interactions. The transition to the burial regime is smooth. 

[2] The burial regime includes all environments, in which voids are filled with fluids 

initially originating from evaporative, fresh water, or marine sources. These pore 

waters were modified due to the interaction with other diagenetic fluids and 

minerals under the elevated pressure and temperature conditions of the burial 

realm. All processes of burial diagenesis are generally a result of water-mineral 

interactions and overburden compaction. 

[3] The diagenetic synsedimentary marine realm occurs in environments which 

include the seafloor and sediments submerged in seawater. Alteration processes in 

the marine regime are driven by chemical changes caused by mineral-seawater 
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interactions, as well as microbial activity (Tucker, 1990a; Moore, 1997; James and 

Jones, 2016).  

As the present study mainly focuses on (natural and mimicked) burial and meteoric 

diagenesis on (fossil) marine biogenic carbonates, details on the synsedimentary marine 

regime are not further discussed here. 

The burial regime 

The regime of burial diagenesis was defined by Schmidt and Mcdonald in 1979 (see 

Worden and Burley, 2009) and encloses all biological, chemical, and physical processes 

which affect a sediment during burial. By these processes, the influence of the 

depositional setting on the sediment is gradually removed. Burial diagenesis endures 

either until the advent of metamorphic processes or structural uplift, and thus, exposure 

to meteoric fluids. 

In the burial realm, nearly all ancient rocks are covered by an accumulation of 

geologically younger sediments and, thus, undergo compaction due to overburden 

pressure.  The upper several hundred metres of the burial environment are characterised 

by physical compaction by which unconsolidated sediments are subjected to squeezing 

processes. This causes dewatering, reduction of initial porosity by 50-60 %, fracturing of 

 

Figure 1.3: Schematic drawing illustrating the spatial relationships of carbonate diagenetic realms 

(after James and Jones, 2016). 
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grains, as well as closer packing of sediment grains with concomitant reduction in layer 

thickness by ≤50 %. These values apply for calcareous sediments undergoing physical 

compaction at approx. 100 m in depth. In contrast, chemical compaction typically occurs 

at depths in the range of several 100 m to km and involves dissolution at grain 

boundaries and accompanying precipitation in open pores (e.g., as cements). 

Furthermore, diagenetic dissolution of the host rock by aqueous pore fluids induces the 

creation of cavities or new spaces within the host sediment. The long-term trend of 

alteration processes in the burial realm is the reduction of permeability and porosity at 

increasing pressure and temperature conditions over the timeframe of millions to 

hundreds of millions of years (Tucker, 1990a; James and Jones, 2016).  

Predominant features of burial diagenesis are dissolution margins, precipitated 

cements, as well as stylolites (Schmidt and Mcdonald, 1979; Burley and Kantorowicz, 

1986; Worden and Burley, 2009; James and Jones, 2016). 

Burial diagenesis can be described using two scenarios occurring either in basins 

or domains of shelf-platforms.  

[1] In basins, sediments with marine water-filled voids are directly merged into the 

burial environment in which reactions (e.g., with burial waters, organic material) 

result in the modification of the original marine pore fluids. Physical compaction 

and subsequent compaction by pressure solution follow after the initial marine 

fluids within pores were removed. Cementation in basinal burial domains 

commonly begins at depths varying between 200-250 m and is dominant at depths 

below 1 km.      

[2] Neritic deposits of shelf-platform domains are either subjected to diagenetic 

processes of the synsedimentary marine realm or meteoric realm prior to passing 

into burial diagenesis. Thus, these sediments show a substantial alteration, as well 

as large chemical variation which have taken place prior to burial overprint. Pores 

commonly contain meteoric ground water which may be replaced by fluids with 

differing chemistry during burial. These pore fluids typically undergo an evolution 

from freshwater-marine origin to primarily saline or hypersaline brines. Therefore, 

features caused by burial processes are mostly defined by their previous history of 

diagenetic events (James and Jones, 2016). 

Burial temperatures range from 40 to 200 °C and vary commonly between 50 and 150 °C, 

whereas pressures can reach up to 200,000 kPa. However, the processes of burial 

diagenesis are not limited in time as these may persist for a few thousands up to several 

millions of years (James and Jones, 2016).  

Burial diagenesis is controlled by intrinsic and extrinsic factors. The former 

include 

[1] grain sizes (faster compaction in the case of small particle sizes)  
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[2] previous diagenetic processes (dolomitisation, early precipitated cements prevent 

easy compaction)  

[3] permeability  

[4] porosity (larger volumes and flow rates of transmitted fluids present in coarse-

grained sediments lead to faster diagenetic overprint compared to fine-grained 

sediments) 

[5] sediment purity (organic matter and clay minerals present in the sediment are more 

prone to compaction events).  

The most significant extrinsic factors of the burial realm are  

[1] burial time (longer exposure to burial diagenesis will cause more pervasive 

diagenetic overprint)  

[2] chemistry of pore waters (chemistry of pore fluids determines the types of minerals 

which can be precipitated during burial)  

[3] pressure (hydrostatic, lithostatic, and tectonic-directed pressure) 

[4] temperature (common temperature gradients: 15-35 °C/km)  

[5] calcite precipitation 

[6] dehydration of hydrous minerals (e.g., gypsum) 

[7] change of sedimentary unstable to stable organic matter 

[8] release of organic acids at elevating temperatures (Tucker, 1990a; Brand, 1994; 

Haszeldine et al., 2000; James and Jones, 2016). 

 During physical compaction shells of (marine) organisms are rotated to a horizontal 

alignment, muddy carbonates expose fracturing features in early lithified layers, 

whereas carbonates comprised of grains experience mainly plastic deformation and 

fracturing of grains (Tucker, 1990a; James and Jones, 2016). The latter commonly occurs 

at depths of several hundred of metres (e.g., in cores of shallow water limestones taken 

from atolls in the Pacific from the Quaternary-Tertiary; see Schlanger, 1964; Saller, 1984; 

Tucker and Wright, 1990). 

In contrast to physical compaction, chemical compaction commonly occurs at 

several hundred meters of burial depth when physical compaction has already taken 

place. This process may result in further reduction of layer thicknesses by 20-35 %. Stress 

generated by tectonics or load is concentrated at contact points between grains, where 

dissolution processes may arise of increased solubilities of the stressed grain. Thus, an 

extremely thin solution film with a chemical potential gradient is created due to 

pressure-induced solubility. Consequently, ions are transported to areas with lower 

stresses via diffusion or follow the chemical potential gradient by solution transfer, and 

finally precipitate as calcitic cement at sites with lower solubility as well as stress. These 

ions can also be carried to more distant sites via pore fluid transport (Tucker, 1990a; 

James and Jones, 2016).  
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The meteoric regime 

Diagenetic processes of the meteoric realm of thick sedimentary deposits which were 

formed by layer by layer accumulations on the seafloor occur at continental areas, along 

shelf margins, upon island-developing platforms, as well as on atolls and isolated 

platforms with sediments rising above the seawater level (Tucker, 1990a; James and 

Jones, 2016). Due to time-dependent vicissitudes of seawater level fluctuations or 

tectonic processes, carbonate sediments above and beneath the Earth´s surface are 

periodically exposed to meteoric fluids. This process leads to a number of pervasive 

changes (e.g., in chemical and mineralogical composition, fabric and texture) in the 

deposits. Furthermore, carbonate dissolution by weakly acidic rainwater, and 

precipitation of other carbonates (e.g., ankerite, siderite) under lacustrine conditions are 

common in surface meteoric environments (Brand, 1994; James and Jones, 2016).  

Alteration of magnesian calcite during meteoric diagenesis commonly occurs on the 

micro- or nanoscale via dissolution-reprecipitation processes and results in the formation 

of diagenetic low-Mg calcite. It is known that initially calcitic components do not 

undergo a crystallographic change, thus, the initial microtexture remains preserved in 

the newly formed CaCO3 mineral. Nevertheless, the application of SEM imaging reveals 

diagenetic changes (e.g., increased grain sizes, porosity; see McAllister and Brand, 1989; 

Reeder, 1990; Brand, 1994; James and Jones, 2016). Meteoric alteration of metastable 

carbonates (e.g., aragonite) can take place in two ways: (1) dissolution of entire grains, 

components, cements and even fossils occurs on the macroscale, and results in the 

creation of pores. (2) Aragonitic grains are altered by exposition to nm to µm thick fluid 

fronts. This results in dissolution of aragonite and precipitation of (low-Mg) calcite and 

is known as mineral-driven diagenesis which results in dissolution, cementation, and 

formation of porosity of CaCO3 sediments. Due to recrystallisation of metastable 

carbonates, calcite crystals which crosscut the initial fabric of the sediment are formed. 

However, relicts of insoluble matter (e.g., organic matter) can be encased in the newly 

formed calcite. As aragonitic particles are dissolved and reprecipitated as low-Mg 

calcites, they undergo crystallographic changes (Reeder, 1990; James and Jones, 2016).  

Further modifications of diagenetically overprinted sediment can be additionally 

caused by microbial activity. However, once the alteration of carbonate sediments or 

solid rocks to diagenetic low-Mg calcite has occurred, these stay mainly unchanged 

during the upcoming geological time (James and Jones, 2016). 

In contrast to mineral-driven diagenesis, water-controlled diagenesis occurs 

simultaneously in meteoric realms and is caused by changes in water composition (e.g., 

increasing and decreasing contents of carbon dioxide, ion concentrations, water 

temperature).  
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Figure 1.4: Schematic drawing illustrating major zones found in the environments of meteoric 

diagenesis (after James und Jones, 2016). 

In general, meteoric diagenesis leads to formation of calcareous soils, enormous sub-

surface karsts, calcareous cave deposits (i.e., speleothems, spelean carbonates; see White, 

1967; Ford, 1988; James and Choquette, 1988; Tucker, 1990a; Moore, 1997; Taborosi and 

Stafford, 2003; James and Jones, 2016). The replacement reaction of aragonitic 

speleotherms by calcite is reported to take place <1000 yrs and, thus, is more rapid than 

calculated for diagenesis occurring in the vadose zone of the meteoric realm (Frisia et al., 

2002). 

The meteoric regime of the shallow subsurface environment is subdivided into the 

two zones, above and below the water table, i.e., vadose zone and phreatic zone, 

respectively (see Fig. 1.4). These zones are further divided into sub-zones (Brand, 1994; 

James and Jones, 2016).  

In the vadose zone, the subsurface is either directly or indirectly permeated (e.g., 

via bare rock, by percolation through calcrete or soil zones) by meteoric fluids (i.e., melt 

water, rainwater, runoff) and may be a zone dissolution-reprecipitation reactions with 

concomitant geopodal cementation and sedimentation processes. The zone of infiltration 

is characterised by complex interactions between water, carbonates, as well as microbes 

(Tucker, 1990a; Brand, 1994; James and Jones, 2016), whereas the zone of gravity 

percolation is distinguished by voids which can be occupied by different media (e.g., air, 

water, a mixture of air and water, organically-produced gases; see Moore, 1997; James 

and Jones, 2016). In contrast, the zone of vadose flow describes rapid downward 

movements or sinking of water directly to the water table via large fissures, joints or 

sinkholes in the soil. Cementation processes of the vadose zone occur mainly via 
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evaporation of seawater, and can be also caused by microbial activity (e.g., at beaches, 

tidal flats; Tucker, 1990a; James and Jones, 2016). 

In the phreatic zone, water movement occurs (sub-) horizontally either towards the 

base level of the local water (e.g., lake, river, spring) or the ocean. Voids which can be 

found in the phreatic zone are water-filled and exhibit active water flow. The phreatic 

marine realm can be subdivided into three zones: the lenticular zone, transition/mixing 

zone, and deep phreatic zone (Tucker, 1990a; Brand, 1994; James and Jones, 2016).  

The lenticular zone is located directly beneath the water table and constitutes a 

common scenario of regions near coastlines. The lenticular lense-like geometry of 

freshwater, which fills the interparticle voids, is eponymous for this meteoric subzone 

and ‘floats’ on seawater due to its lower density. A special case occurs on islands or 

isolated cays where meteoric fluids flow on top of marine waters with higher density. In 

these unconfined aquifers, the depth of the lenticular zone extends below the sea level by 

approx. 40 times of the fresh water level which is above sea level. This phenomenon is 

known as the Ghyben-Herzberg relationship (Verruijt, 1968; James and Jones, 2016). 

Fluctuations of the water table level leading to its (slight) increase have a pervasive 

impact on diagenesis of sediments or rocks as elevated water table levels can result in a 

deeper penetration of meteoric fluids (Davis and DeWiest, 1966; Todd, 1980; Tucker, 

1990a; James and Jones, 2016). 

The mixing or transition zone can reach greater thicknesses compared to the 

lenticular zone, especially in locations which are comprised of permeable carbonates (e.g., 

oceanic islands). This zone is characterised by diffusive and physical mixing which is 

most effective in sediment/rock layers with high permeability. Thus, greater thicknesses 

of the mixing zone can be achieved (Back et al., 1979, 1984; Tucker, 1990a; James and 

Jones, 2016). Characteristic diagenetic products of the mixing zone of meteoric and 

marine waters are, e.g., dolomite and other carbonate species (Hanshaw et al., 1971; 

Brand, 1994). 

In the deep phreatic zone, saline waters typically exhibit slow movements or can be 

almost stagnant. In general, fabrics generated by diagenetic processes occurring in the 

phreatic and vadose zones differ from each other, thus, they are distinguishable 

throughout geological records (James and Jones, 2016).  
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1.2.2 Diagenesis of geologic and biogenic carbonates 

Diagenesis of geologic carbonates 

Carbonate diagenesis encompasses diverse reactions, e.g., dissolution, recrystallisation 

processes, as well as replacement reactions. Often the presence of aqueous solutions is 

crucial (e.g., Hesse, 1987; McAllister and Brand, 1989; Morse and Mackenzie, 1990; 

Brand, 1994; Morse et al., 2007).  

Since the 1950´ies diagenesis of carbonates was defined not only as variance in 

chemical distributions (e.g., in minor and trace elements) but also as mineralogical and 

textural changes of sediment accumulations. These changes are assumed to occur at 

conditions of the Earth´s surface. Brand and Veizer (1980) tried to find a correlation 

between variations in chemical composition of sediments and the degree of diagenetic 

overprint.  

The wet dissolution and reprecipitation reaction occurring during diagenesis 

leads to a substitution of Ca2+ present in the CaCO3 crystal lattice by cations such as Fe2+, 

Mg2+, Mn2+, Na+, Pb2+, Sr2+ and Zn2+ in varying degrees. Due to the widely deviant 

partition coefficients of Mn and Sr (ions/isotopes), their ability to act as substituent for 

Ca in the CaCO3 lattice, as well as their enormous concentration differences in marine 

and meteoric fluids, these elements were assumed to be very useful as diagenetic 

indicators (Bodine et al., 1965; Kinsman, 1969; Peterman et al., 1970; Turekian, 1972; 

Brand and Veizer, 1980; Burke et al., 1982; Brand, 1994). Carbonate phases which initially 

precipitated from seawater tend to incorporate stable isotopes and trace elements from 

ambient seawater. Carbonates partially or even fully dissolve upon exposure to meteoric 

fluids causing mixing and exchanging processes of trace elements as well as isotopes 

with those present in interstitial fluids resulting in reprecipitation. Consequently, the 

elemental and isotopic composition of diagenetic low-Mg calcite shows a shift in the 

direction of equilibrium with intermediate meteoric fluids when compared to pristine 

calcite (Brand and Veizer, 1980; Morse, 2003). Due to the fact that interstitial meteoric 

waters exhibit decreased values for Mg2+, Na+, and Sr2+  and increased values for Fe2+, 

Mn2+, and Zn2+ compared to marine waters (Turekian, 1972), reprecipitation of diagenetic 

low-Mg calcite results in depletion of Na+, and Sr2+, as well as enrichment in Fe2+, Mn2+, 

and Zn2+ (Brand and Veizer, 1980). 

Magnesian calcites appear to be stable in the original depositional marine realm 

and exhibit a higher resistance to alteration, thus, keeping their initial chemical imprint 

(Berner, 1966; Land, 1967; Schroeder, 1969; Winland, 1969; Bathurst, 1975; Möller and 

Kubanek, 1976; Brand and Veizer, 1980; Morse, 2003). Aragonite and high-Mg calcite, 

however, are metastable, thus, rapidly undergo alteration processes into 
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thermodynamically more stable low-Mg calcite during meteoric diagenesis (Land, 1967; 

Schroeder, 1969; Bathurst, 1975; Brand and Veizer, 1980). It is assumed that alteration of 

marine carbonates occurs in burial and continental phreatic realms (Taylor and Sibley, 

1986). Surface-adsorbed inhibitors (e.g., Mg2+, PO43-) may affect the rate of diagenetic 

alteration by forming complexes with dissolved ions, and occupation of high-energy 

lattice sites on the mineral grain surface which are preferred for dissolution reactions 

(Sjöberg, 1978; Lahann, 1978; Reddy and Wang, 1980; Morse, 1983; Brand, 1994). 

The majority of ancient as well as modern marine carbonate sediments initially 

are a combination of carbonate polymorphs (i.e., aragonite, low-Mg and high-Mg 

calcites). As aragonite and high-Mg calcite are thermodynamically metastable, they are 

commonly replaced by calcite during the history of limestones, whereas 

thermodynamically more stable low-Mg calcite directly precipitates from meteoric 

fluids. Apart from previous dolomitisation processes, ancient limestones are completely 

comprised of low-Mg calcite (Tucker, 1990a; Flügel, 2004). As carbonate phases found in 

ancient sedimentary rocks are dominated by calcite and dolomite, it can be assumed that 

these sedimentary carbonates originating from shallow water were subjected to major 

diagenetically-induced changes (Morse, 2003). Numerous studies on limestone and 

carbonate sediment diagenesis deal with the identification of diagenetic processes in 

rock samples (Alexandersson, 1978; Morse, 2003; Munnecke et al., 2008; Armenteros, 

2010; Ali and Mohamed, 2013). However, the diagenetic history of the investigated 

carbonate sediments usually remains unsolved (Munnecke et al., 2008).  

Thermodynamically unstable CaCO3 polymorphs (i.e., aragonite, magnesian 

calcites) of deposited carbonate sediments undergo relatively rapid reactions to either 

form diagenetic (low-Mg) calcite or dolomite when they are in contact with fresh water 

(Brand, 1994; James and Jones, 2016). However, the formation process of dolomite is still 

under debate as it has not yet successfully been grown at ambient conditions (e.g., 

Lippmann, 1973). During meteoric diagenesis, metastable carbonates are altered to 

calcite by the following pathway (James and Jones, 2016): 

[1] Precipitation of small calcite crystals starts on grain surfaces with the beginning of 

fresh water percolation. 

[2] Microscale dissolution-reprecipitation processes of magnesian calcite grains result in 

alteration and, thus, in the replacement by diagenetic low-Mg calcite cement. 

[3] When the majority of grains are completely surrounded by calcitic cement, 

aragonitic particles most commonly start to dissolve, thus, porosity is created within 

the sediment. Furthermore, aragonitic particles become subject to calcification 

processes which may result in the preservation of initial grains. 

[4] Large amounts of Ca2+ and CO32- ions are released into the groundwater due to 

aragonite dissolution. These may reprecipitate as diagenetic low-Mg calcite cement 

inside moulds which were formed by the dissolution of aragonitic minerals. 
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[5] Diagenetic low-Mg calcite cements transform into solid calcitic limestones. 

[6] The original interparticle porosity is transformed into secondary interparticle mould 

porosity. 

In the meteoric realm, carbonate dissolution events and subsequent transport of 

resultant ions out of the system (e.g., transport to the ground water) are described by 

following equation: 

 

CaCO3 + H2O + CO2 ↔ Ca2+ + 2 HCO3
− (eq. 1) 

Diagenesis of biogenic carbonates 

Numerous studies aiming for reconstructions of environmental changes and climate 

dynamics of the past are mainly founded on chemical and isotopic signatures in biogenic 

marine carbonate archives comprised of benthic and nektonic organisms (e.g., bivalves, 

brachiopods, and cephalopods; Grossman et al., 1993; Khim et al., 2000a; Korte et al., 

2005).  

Numerous studies have shown that burial environments can be identified by 

using compositions of rare earth elements in fossil bones (Williams, 1988; Trueman, 1999, 

2013; Kemp and Trueman, 2003; Metzger et al., 2004). Diagenetic overprint of fossil 

marine carbonates (including endo- and exoskeletons of benthic, nektonic, as well as 

planktonic living organisms), however, is the most substantial obstacle for the 

comprehension of palaeoclimate dynamics as all chemical and isotopic signatures may 

have been altered during diagenesis (Grossman et al., 1993; Richardson, 2001; Korte et 

al., 2005; Immenhauser et al., 2015; Casella et al., 2017). Therefore, research on carbonate 

diagenesis has been conducted with a broad set of imaging and analytical tools (e.g., 

SEM, CL, EBSD, elemental and isotope geochemistry; see Steuber, 1999; Brand, 2004; 

Brand et al., 2011; Ullmann and Korte, 2015; Casella et al., 2018a, 2018b) for more than a 

century, however, most of the controlling factors and processes are conceived in a 

qualitative manner (Brand and Veizer, 1980, 1981; Swart, 2015). As determination of the 

degree of diagenetic overprint of fossil biogenic carbonates still remains unsolved, this 

dissertation focuses on the qualitative and partially quantitative assessment of the 

degree of natural and simulated diagenetic overprint of marine biocarbonates using a 

multi-analytical combination of imaging and measurement tools. 

Systems of living matter are not in thermodynamic equilibrium and induce local 

chemical environments, in which physiologic processes (e.g., biomineralisation) are 

taking place. Concholin which is comprised of several polysaccharides and proteins is a 

common organic component enclosing individual crystallites in calcareous hard tissues 

(e.g., shells, skeletons) and may lead to suppression of early diagenetic alteration during 
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degradation and disarticulation after demise of the animal (Grégoire et al., 1955; Brand, 

1994). During diagenesis, carbonate hard tissues undergo alteration processes due to 

equilibration with the surrounding environment as the organism´s disequilibrium is no 

longer sustained after its death.  Thus, metastable biogenic carbonates (e.g., aragonite, 

high-Mg calcite) underlie chemical driving forces which result in the replacement by 

thermodynamically more stable (low-Mg) calcite (Morse et al., 2007; Casella et al., 2017; 

2018c) via dissolution-reprecipitation processes of (fossil) carbonate material (e.g., 

bivalves (Casella et al., 2017; Ritter et al., 2017), brachiopods (Cusack and Williams, 2001; 

Pérez-Huerta et al., 2007; Casella et al., 2018a, 2018b), and corals (McGregor and Gagan, 

2003; Sayani et al., 2011; Gothmann et al., 2015; Casella et al., 2018c)) in diagenetic 

environments. Diagenetically altered hard tissues commonly show changes in 

microstructures and may unveil new information about the site of deposition (Rollins et 

al., 1971; Brand, 1994; Trueman, 2013; Casella et al., 2017, 2018a, 2018b, 2018c). 

Due to increasing degree of diagenetic alteration, biogenic structures gradually 

disappear and are replaced by inorganic features. Hence, recrystallisation of the initial 

organism-specific skeleton microstructure of fossil marine invertebrates and their 

mineral disorder are unambiguous indicators for the extent of diagenetic overprint 

(Trueman, 2013; Casella et al., 2017). The rate of diagenetic alteration may be influenced 

by grain morphology and overall grain size of biogenic carbonates (Anderson et al., 

1973; Walter and Morse, 1984a; Brand, 1994). In addition to the chemistry of the 

diagenetic fluid, and thermodynamic stability of the carbonate species, water/rock ratios 

are assumed to exert the ultimate control on the alteration type and degree of carbonate 

hard tissues during diagenesis. Alteration processes involving high water/rock ratios 

result in the destruction of the original microstructure, and development of intraskeletal 

and moldic porosity which may be filled with fine- to coarse-grained calcite crystals. 

Geochemical imprint of diagenetic carbonate and its degree of alteration is mainly 

controlled by that of the bulk aquifer fluids (Pingitore, 1976; Brand and Veizer, 1980; 

Brand, 1989a, 1994). A prominent characteristic of intermediate water/rock ratio 

alterations is the formation of a chalky appearance of the fossil material. This may be 

associated with early degradation of organic matters coating, e.g., individual crystallites, 

and entire carbonate shells/skeletons. Intermediate water/rock ratios commonly result in 

the development of microscopic intraskeletal porosity during mineral replacement 

reactions (e.g., in corals and molluscs; see Pingitore, 1976; Brand, 1989a, 1994). 

Geochemical signatures and microstructural features of the depositional environment in 

biogenic carbonates are preserved in their diagenetic product during alteration processes 

occurring in low water/rock systems, and commonly result in the development of ghost 

structures. The controlling factor of dissolution of initial carbonate is the removal rate of 

ions from solution due to the precipitation of the diagenetic calcareous product (Carlson, 

1983; Brand, 1994). Trace elements and concomitant redistribution patterns support the 
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identification of pathways and the degree of diagenetic processes of biogenic carbonates. 

Thus, elemental concentrations in seawater and diagenetic fluids (e.g., meteoric water) 

result in the depletion and enrichment of specific elements (e.g., heavy metals, 

strontium, magnesium) in the solid phase during diagenetic alteration (Veizer, 1983; 

Brand and Morrison, 1987; Mucci and Morse, 1990; Brand, 1994; Morse, 2003). 

Perfect preservation of fossil hard tissues during diagenetic processes implies not 

only preservation of their macro- and microstructures but also of the initial geochemistry 

and mineralogy of their hard tissues. Fossil hard tissues may most likely remain 

preserved when a surrounding matrix of, e.g., amber, chert, fine-grained sediments, 

effectively reduces biological interaction, and seals out air or diagenetic fluids. The 

protection from the catalytic effect of diagenetic fluids, which is further governed by 

dissolved complexes, compounds, and ions, results in a decelerated replacement reaction 

from meta-stable aragonite or magnesian calcites to more stable calcite (Morse et al., 

1980; Plummer and Busenberg, 1982; Sjöberg and Rickard, 1985; Mucci et al., 1989; 

Brand, 1994; McCoy et al., 2018). Due to the thermodynamic stability of low-Mg calcite, 

brachiopod shells of the same rock unit may exhibit a good preservation in their pristine 

state compared to molluscs which may be only retained as moulds or filled with calcitic 

spar. Fossils with initially high-Mg calcite hard tissues, however, exhibit normally well-

preserved macrostructures, whereas more delicate microstructures and mineralogy are 

replaced by low-Mg calcite. Simultaneously, low-Mg calcite shells are still well-

preserved within the same rock unit after diagenetic alteration. Only a few initially high-

Mg calcite hard tissues with MgCO3 contents >7 mol% are preserved from before the 

Mesozoic. Initially aragonitic hard tissues are more prone to diagenetic alteration, thus, 

biogenic aragonite is reported to be preserved as ghost microstructures and relicts in 

Devonian/Silurian horizons (Stehli, 1956; Grandjean et al., 1964; Rollins et al., 1971; 

Richter, 1974; McAllister and Brand, 1989; Brand, 1981, 1994). 

A number of case studies showed that the degree of diagenetic overprint of the 

surrounding sediment has an influence on the preservation state of fossils under the 

given environmental conditions.  

[1] Marine successions of the Castell’Arquato Formation (northern Italy; assumed 

thermal heat flow <50 °C) from the Pleistocene period are highly fossilferous 

mudstones, sandstones and siltstones containing barnacles, bivalves, brachiopods, 

bryozoans, corals, echinoids, gastropods, scaphopods, as well as serpulis. Aragonitic 

and calcitic bivalve shells present in these marine successions show an exceptional 

good preservation state in which the original fabric and mineralogy have survived. 

(Pelosio and Raffi, 1977; Dominici, 2001, 2004; Crippa, 2013; Crippa and Raineri, 

2015).  

[2] Thermal modelling studies of the Pennine Basin in Central England (U.K.), which 

has one of the most extensively studied burial and thermal histories in Great Britain 
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(Ewbank et al., 1995), revealed maturation temperatures in the range of 100-120 °C 

(Andrews, 2013). Brachiopods, corals, echinoderms, and molluscs are present in the 

mud mound facies in the Eyam Limestone Formation which is comprised of grey 

limestones (Gutteridge, 1995). Changes in the preservation state of the fossil 

brachiopod Gigantoproductus sp., which is commonly found in the shell beds of the 

Eyam Limestone as well as Monsal Dale Limestone Formations, exhibited slight 

diagenetic overprint as preserved pristine calcite can be observed next to altered 

calcite in the identical shell (Angiolini et al., 2012).  

[3] Fossil material (i.e., brachiopods, corals, echinoderms, foraminifera and molluscs; 

Angiolini,  1995, 1996, 2001; Gaetani et al., 1995, 2004) trapped inside Carboniferous 

to Permian marine successions of the Karakoram Basin, northern Pakistan, were 

exposed to estimated high temperatures of 200-350 °C based on CAI of conodonts2, 

cleavage, history of deformation, organic maturity, as well as mineral paragenesis of 

the Karakoram Basin (Gaetani et al. 1995, 2013; Gaetani, 1997; Zanchi and Gaetani, 

2011). According to Angiolini and co-workers (1999) as well as Gaetani and co-

workers (2004), brachiopod specimens of the species Afghanospirifer sp. and 

Gypospirifer sp. which are both present in the Lupsuk and Ribat Formation of the 

Ribat and/or Karambar Lake section, northern Pakistan, are poorly preserved.  

Diagenesis may also occur in modern marine environments where diagenetic and 

depositional processes take place simultaneously to sedimentary processes, such as in 

reefs which are subjected to: growth of the coral reef, cementation, erosion by waves, 

and biogenic alteration by activities of boring organisms (e.g., clionid sponges, 

lithophagid bivalves and microbes; see Bromley, 1978; Tucker, 1990a; Morse, 2003). 

These processes result in the degradation of the coral framework. Furthermore, 

diagenesis in corals is also expressed by internal sedimentation of fine-grained detritus 

found in cavities in which marine organisms (e.g., foraminifera, serpulids) exist and 

contribute to the sediment. However, cementation plays the major role in terms of reef 

diagenesis as precipitated cements are characteristic for the majority of recent and many 

ancient coral reefs. As marine cements appear in great extent in a number of ancient 

reefs, the term ‘cement-stone’ was introduced. These cemented reefs show a frequent 

occurrence in modern coral reefs including those located in Belize (James et al., 1976; 

James and Ginsburg, 1979), Bermuda (Ginsburg et al., 1971; Schroeder, 1972), Great 

                                                     
2 Conodont Colour Alteration Index (CAI) is utilised in order to estimate thermal 

maturity of carbonate rocks derived from the colour of minute apatitic remains (microfossils) of 

the feeding apparatus of the extinct animal class of Conodonta (commonly present in oceans of 

the Cambrian to Triassic). Increasing temperatures lead to a successive carbonisation process of 

the elements of the conodonts. Thus, unaltered conodonts can be recognised by a pale yellowish 

colour and a smooth surface exhibiting a silky brightness. Increasing temperatures result in a 

colour sequence ranging from light brown via dark brown up to a black colour (Voldman et al., 

2010). 
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Barrier Reef, Australia (Marshall and Davies, 1981; Marshall, 1983, 1986), French 

Polynesia (Aissaoui and Purser, 1985; Aissaoui et al., 1986) and Jamaica (Macintyre and 

Mountjoy, 1968; Land and Goreau, 1970; Tucker, 1990a). 

Despite numerous morphologies found in cements of modern reefs, they can be 

reduced to the two carbonate mineral phases, aragonite and high-Mg calcite. The former 

occurs as acicular crystals in isopachous fringes, in a mesh of needles, as well as micrite, 

whereas high-Mg calcitic cement can be observed as equant crystals, micrite, as well as 

acicular isopachous fringes. The latter are comprised of fibrous calcite and strikingly 

occur in ancient reef cements from the Mid-Palaeozoic but especially in those dated back 

to the Devonian. Furthermore, cements are also very common in reefs from the Permian 

and Triassic, e.g., Permian Basins found in the U.S. States New Mexico and Texas 

(Tucker,  1990a). Numerous reefs from the Devonian (e.g., Canning Basin, western 

Australia (Kerans et al., 1986), Golden spike, Leduc reef, western Canada (Walls, 1983; 

Walls and Burrowes, 1985; Tucker, 1990a) exhibit zones of marine cements inside their 

frameworks. 

During diagenesis original biogenic carbonates may not only be replaced by a 

diagenetic carbonate product but may also underlie replacement diagenesis in which 

entire substitution of initial and diagenetic carbonate by another mineral takes place. In 

some instances, macro- and microstructural features may be preserved in the replacing 

mineral by mimicking the initial features. Major processes of replacement diagenesis are 

dolomitisation, phosphorisation, pyritisation, and silicification.  

Dolomitisation replaces biogenic carbonates (e.g., in crinoids) of all ages by 

dolomite (CaMg(CO3)2) by the equation  

 

2 CaCO3 + Mg2+ → CaMg(CO3)2 + Ca2+ (eq. 2) 

 

and commonly results in poor preservation of initial microstructures, whereas the 

morphology of the exoskeleton/shell may be well-retained. Depending on the 

availability of Fe in the source environment, variable Fe-amounts may be incorporated 

into the dolomite lattice, thus, forming a solid solution between dolomite and its isotype 

ankerite (CaFe(CO3)2; see Reeder, 1990; Brand, 1994). 

Phosphorisation is known to be found in diagenetically altered molluscs from the 

Cambrian and describes a direct massive and disruptive replacement reaction of 

biogenic carbonates by an undefined phosphate mineral species destroying the original 

microstructure of the organism (almost) entirely. However, in some instances surficial 

and internal microstructures have been retained in altered mollusc shells. The 

dissolution of biogenic carbonate and replacement by a phosphate mineral is assumed to 

proceed simultaneously through a thin-film front which is supersaturated with 
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phosphate and not in equilibrium with the bulk aquifer fluids (Runnegar, 1985; Brand, 

1994). 

During pyritisation biogenic carbonates (e.g., in crinoids) are rapidly replaced by 

pyrite (FeS2) and macrostructures are commonly well-preserved, whereas shell/skeletal 

microstructures are partially to entirely disrupted. The pyritisation process mainly takes 

place soon after the animal´s demise within the shallow burial environment of the 

sediment column. Commonly, Fe and S are contributed by the local environment prior to 

pyrite formation. Carbonate dissolution and pyrite formation proceed simultaneously in 

a thin-film front (Berner, 1964; Howarth, 1979; Raiswell and Berner, 1985; Brand and 

Morrison, 1987; Brand, 1994). 

Silification (chertification) describes a common diagenetic replacement process of 

biogenic carbonate of all ages by silica (SiO2) and was observed, e.g., in belemnites. 

Macrostructures are preserved during silification, whereas microstructural features are 

trapped in carbonate hard tissues. The silification process is assumed to occur at any 

time during diagenesis of biogenic carbonates; however, evidence has shown that this 

process takes place prior to substantial cementation. It still remains unclear, whether 

silification occurs before, during or after aragonite/high-Mg calcite replacement by 

calcite. Silification of carbonate hard tissues takes place via a thin-film front in bulk pore 

fluids (Choquette, 1955; Jacka, 1974; Richter, 1974; Hesse, 1987, 1990; Maliva and Siever, 

1988a; Brand, 1994). 

1.3 Fundamentals of dissolution-reprecipitation 

reactions 

Dissolution-reprecipitation reactions describe processes which result from solid-fluid-

interactions occurring at rock or mineral grain surfaces. First direct evidence for 

dissolution-reprecipitation processes was observed in AFM in-situ measurements and 

recently with interferometric methods, e.g., vertical scanning interferometry (Dove and 

Hochella, 1993; Pina et al., 1998; Teng et al., 2000; De Yoreo et al., 2009; Lüttge and 

Arvidson, 2010; Ruíz-Agudo and Putnis, 2012; Ruíz-Agudo et al., 2014¸ Altree-Williams 

et al., 2015). 

Dissolution-reprecipitation reactions may range from the molecular scale up to 

several metres and can be subdivided into following processes:  

[1] dissolution of the parent mineral due to contact with an undersaturated fluid 

[2] supersaturation with respect to a thermodynamically more stable phase at 

interfacial layers due to parent dissolution 
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[3] nucleation and growth of the product phase at the parent mineral´s surface 

controlled by the local supersaturation at the interface of the occurring replacement 

reaction. 

As these processes of host dissolution and precipitation of a secondary mineral phase are 

presumed to be coupled in space and time, they are referred to as coupled dissolution-

reprecipitation (CDR) reactions (e.g., Putnis, 2009). Although replacement reactions can 

occur at low temperatures even in dry systems it is known since the 1960´ies that they 

proceed up to ten orders of magnitudes faster when fluids are involved (Brown et al., 

1962; Putnis, 2009; Altree-Williams et al., 2015). The Earth´s surface and the upper crust 

therefore provide characteristic conditions for the occurrence of fluid-mediated mineral 

replacement reactions, which play a significant role in a myriad of large-scale geological 

processes, e.g., weathering, metamorphism, metasomatism, and formation of ore 

deposits and their accompanying alteration (Hellmann et al., 2003, 2012; Oliver et al., 

2004; Putnis and Putnis, 2007; Putnis, 2002, 2009; Putnis and Austrheim, 2010, 2013; 

Putnis and John, 2010; Jamtveit et al., 2011; Oberthür et al., 2013; Putnis and Ruíz-Agudo, 

2013; Ruíz-Agudo et al., 2014; Altree-Williams et al., 2015). Dissolution-reprecipitation 

reactions may also occur during fossilisation and diagenetic overprint, and in mild 

hydrothermal environments, e.g. magnesite replacement by aragonite, anhydrite 

replacement in dolomite hosts by calcite, and biogenic aragonite and (magnesian) calcite 

replacement by inorganic calcite (Brand, 1994; Wordon et al., 2000; Putnis, 2002; Smit et 

al., 2008; Putnis and Fernández-Díaz, 2010; Altree-Williams et al., 2015; Casella et al., 

2017, 2018a, 2018b, 2018c). Furthermore, fluid-mediated CDR reactions are relevant for 

sequestration of CO2, synthesis of novel materials, the environmental remediation of 

contaminated soil and groundwater, development of novel treatments for wastewater, 

surface preservation of monuments, and durability of materials arising from nuclear 

waste disposal (Yang et al., 1999; Lackner, 2002; Ben-Nissan, 2003; Turner et al., 2005; Xia 

et al., 2008, 2009a; Sassoni et al., 2011; Wang et al., 2012; Ruíz-Agudo et al., 2014; Geisler 

et al., 2015).  

During CDR reactions newly formed minerals crystallise along cracks, cleavages, 

and grain boundaries and may create sharp replacement fronts with concomitant rim to 

core progressions within individual grains, e.g., pseudomorphic replacement of 

potassium bromide by potassium chloride, or calcite single crystals showing a 

magnesitic rim and dolomitic core after reacting with an aqueous MgCl2 solution (Jonas 

et al., 2013, 2014, 2015; Ruíz-Agudo et al., 2014; Altree-Williams et al., 2015). 

Hydrothermal pseudomorphic replacement reactions commonly start at internal cracks 

and from the outer surface of the parent, proceed towards the grain centre and may lead 

to complete replacement (Xia et al., 2008, 2009a). Similar observations were made on 

marine biogenic carbonates after hydrothermal treatment simulating diagenetic 

alteration (Casella et al., 2017, 2018c).  
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The development of sharp reaction fronts between the initial and product phases are 

commonly characterised by genesis of intracrystalline porosity (with concomitant pore 

inclusions) within the host. Due to the interface-controlled nature of CDRs the reactions 

may result in pseudomorphic replacement with concomitant preservation of the external 

morphology and crystallographic orientations across the replacement interface of the 

parent phase (Putnis, 2009; Xia et al., 2009a, 2009b; Álvarez-Lloret, 2010; Brugger et al., 

2010; Putnis and John, 2010; Qian et al., 2010; Raufaste et al., 2011; Altree-Williams et al., 

2015). This structural feature was observed in initially calcitic ammonites which retained 

their shell macrostructure and finest details of internal microstructure after replacement 

by pyrite (Putnis, 2002). Development of pseudomorphism during CDR reactions 

requires close coupling of dissolution and nucleation rates at the parent-product 

interface (Maliva and Siever, 1988b; Putnis and Mezger, 2004; Putnis et al., 2005; Putnis 

and Putnis, 2007; Putnis, 2009).  

However, textural diversity may arise from CDR reactions which are controlled 

by localised conditions at the interface of reaction or by non-equilibrium processes, and 

may also be caused by occlusion of pores as well as matrix cementation and compaction. 

Generally, prediction of CDR reactions is intricate as a number of complex interactions 

occurring at the reaction interface are involved (e.g., kinetics of the dissolution process, 

nucleation rate, growth mechanisms, solute transport, change in volume) and assumed 

to be of greater importance than global pressures, temperatures, and chemical factors 

(Brand and Veizer, 1980; Altree-Williams et al., 2015). Consequently, complex 

replacement textures are formed, e.g., grain coarsening in biogenic calcium carbonate 

minerals and feldspars (Norberg et al., 2011; Altree-Williams et al., 2015; Casella et al., 

2017, 2018a, 2018b, 2018c).  

Mineral dissolution-reprecipitation processes are driven by the minimisation of 

the Gibbs free energy of the system in response to changing system parameters, e.g., 

local fluid chemistry, pressure, temperature, and/or strain (Nakamura and Watson, 2001; 

Putnis, 2009; Milke et al., 2013; Putnis and Ruíz-Agudo, 2013; Altree-Williams et al., 

2015). The local fluid composition at the interface governs the saturation state and 

chemistry of the initial and product phase. Thus, the precondition for CDR reactions can 

be described by disequilibrium of a single mineral or a mineral assemblage with respect 

to a present fluid phase. Re-equilibration is principally driven by dissolution and 

reprecipitation, and may be achieved by crystallisation of a `different´ mineral phase 

with concomitant change in chemistry or texture (Putnis, 2002, 2009; King et al., 2010; 

Putnis and Ruíz-Agudo, 2013; Ruíz-Agudo et al., 2014). As CDR reactions do not 

necessarily involve large volumes of reacting fluids and even limited dissolution of the 

initial solid phase can result in supersaturation of the interfacial fluid with respect to a 

secondary solid phase, the relative solubility is a critical factor (Hövelmann et al., 2012; 

Putnis et al., 2005; Putnis, 2009; Ruíz-Agudo et al., 2014; Altree-Williams et al., 2015). 
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Changes in growth patterns, however, may be directly ascertained at the nanometre 

scale when ions other than those of the participating mineral are present in the reaction 

solution (Ruíz-Agudo et al., 2012; Putnis and Ruíz-Agudo, 2013).  

Ions released by parent dissolution can be transported by the fluid phase, thus, 

CDR reactions are sustained by solute transport from and to the reaction front. This 

process occurs through diffusion due to the development of a chemical gradient at the 

fluid-solid-interface (Xia et al., 2008; Putnis and Fernandez-Díaz, 2010; Zhang, 2010; 

Altree-Williams et al., 2015; Pedrosa et al., 2016). Furthermore, the rate of mineral 

dissolution, which depends on solution chemistry and specific surface area of the 

dissolved solid, plays a key role in CDR reactions due to the generation of new space, 

and supply of chemical components to the fluid phase (Altree-Williams et al., 2015). 

Non-stoichiometric dissolution of numerous multi-component minerals (e.g., dolomite) 

has been explained by favoured release of one component into the solution resulting in 

development of an enriched surface layer, which further affects dissolution and 

precipitation rates (Busenberg and Plummer, 1986; Pokrovsky and Schott, 2001; Zhang et 

al., 2007; Putnis and Ruíz-Agudo, 2013). 

An activation energy barrier determines the threshold supersaturation for 

nucleation and hinders nucleation at small supersaturations (e.g., Steefel and van 

Cappellen, 1990; Prieto et al., 1993; Putnis et al., 1995; Scherer, 1999; Putnis and Mauthe, 

2001; Harlov et al., 2011; Stack et al., 2014). Below the threshold value, product formation 

is defined by crystal growth of present nuclei, whereas above the threshold value 

product formation is dominated by nucleation events (Steefel and van Cappelin, 1990; 

Putnis et al., 1995). The crystal growth mechanism of the product is therefore controlled 

by the availability of attachment sites (e.g., kink and step positions) as well as on the 

degree of supersaturation (Sunagawa, 1981; Otálora and García-Ruiz, 2014).  

Changes in mineralogy caused by CDR reactions are assumed to be closely 

related to the evolution of the system towards an equilibrium state through numerous 

polymorphs of the product phase. This process is referred to as Ostwald´s step rule in 

which the first precipitating phase may be comprised of either nanoclusters or a 

metastable phase (Cardew and Davey, 1985; Morse and Casey, 1988; Threlfall, 2003; 

Pouget et al., 2009; Demichelis et al., 2011; Gebauer et al., 2014; Altree-Williams et al., 

2015). Thus, the system is driven towards a thermodynamically more stable product 

phase via amorphous and crystalline polymorphs of lower stability, e.g., gypsum 

replacement by calcite through the CaCO3 polymorphs ACC, vaterite, and aragonite 

(Ogino et al., 1987; Fernández-Díaz et al., 2009; Rodriguez-Navarro et al., 2015).  

For the proceeding of pseudomorphic replacement fronts, pathways for mass 

transfer must be sustained at the fluid-solid interfaces. Differences in molar volume 

between the initial and the product phase, and the relative solubilities of the phases in 

the fluid at the reaction interface are responsible for porosity formation. Due to the 
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development of porosity, further fluid penetration into the grain is enabled and, thus, 

CDR reactions are promoted (Pollok et al., 2011; Putnis and Ruíz-Agudo, 2013). Fractures 

in the parent and product phases can be induced by substantial changes in the volume 

(e.g., expansion and shrinkage) followed by the generation of stresses (Ruíz-Agudo et al., 

2014). Rapid fluid movements through solids during CDR reactions are commonly 

present at fractures and grain boundaries, whereas CDR reactions occurring at mineral-

fluid-interfaces lead to the generation of porosity within the newly formed phase and 

ultimately advance the mobilisation and exchange of ions (Putnis and Ruíz-Agudo, 

2013). Fracture and porosity development during CDR reactions were detected in leucite 

replacement by analcime (Putnis et al., 2007; Jamtveit, 2009), rutile replacement by 

ilmenite (Jannsen et al., 2010), aragonite replacement by calcite (Perdikouri et al., 2011, 

2013, Casella et al., 2017, 2018c; Ritter et al., 2017), and replacement of calcite by calcium 

oxalate (Ruíz-Agudo et al., 2013). 

An alternative explanation for the occurrence of dissolution-reprecipitation 

processes may be Ostwald ripening; a process in which smaller crystals are dissolved 

and, subsequently, reprecipitate as larger crystals in order to reduce the surface free 

energy (Morse and Casey, 1988). Hover and co-workers (2001) reported that originally 

dissolved high-Mg calcite was reprecipitated with similar contents in Mg, thus, changes 

in mineralogy are not necessarily involved in Ostwald ripening processes (Burdige et al., 

2010). Furthermore, experimental studies simulating diagenetic alteration of biogenic 

carbonates have shown that dissolved biogenic aragonites were replaced by newly 

formed coarse calcite grains. It was shown that not only the mineral phase but also 

microstructure and concomitant crystallographic texture have changed with increasing 

experimental duration due to dissolution-reprecipitation reactions (Putnis, 2009; Casella 

et al., 2017, 2018c). 

CDR reactions in carbonates caused by solubility differences between carbonate 

polymorphs may occur during early diagenetic processes. Involved pore fluids can be 

undersaturated with respect to metastable phases and still supersaturated with respect 

to another carbonate phase. Hence, more soluble CaCO3 phases underlie dissolution 

processes, whereas thermodynamically more stable phases are precipitated (Brand, 1994; 

Hu and Burdige, 2007; Burdige et al., 2010).  

Low Mg-calcites (0-4 mol% MgCO3) are the calcium carbonate polymorph most 

resistant to dissolution processes. With increasing Mg-contents, calcite solubility 

increases exponentially, thus, high-Mg calcites are less stable at conditions of the Earth´s 

surface (Chave, 1954; Milliman, 1974; Brand, 1994). However, morphological and 

textural features as well as primary porosity of biogenic carbonates may have a great 

impact on alteration processes and dissolution kinetics (Martin et al, 1986; Brand, 1994; 

Cubillas et al., 2005). Though low-Mg calcites are most stable at conditions of the Earth´s 

surface, geochemical and physical evidence has shown their potential for 
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postdepositional alteration processes (Al-Aasm and Veizer, 1982; Brand and Logan, 

1991; Brand, 1994). 

Aragonite by calcite replacement is one of the most studied CDR reactions due to 

the importance of calcium carbonate for geosciences and was observed, e.g., in cave 

environments and biogenic carbonates. In the latter case, aragonite by calcite 

replacement is commonly accompanied by a loss in lustre and pigmentation (Cabrol, 

1978; Cabrol and Coudray, 1982; Brand, 1994; Frisia, et al., 2002; Putnis, 2009). Metastable 

aragonite is prone to calcite replacement when aragonitic speleotherms with porous 

fabrics are infiltrated by water. Calcite nucleation and replacement is assumed to be 

favoured on calcite cement located between aragonitic rays and needles of speleotherms 

as well as by fluctuations in the saturation state (i.e., undersaturation with respect to 

aragonite with simultaneous supersaturation with respect to calcite) of the involved 

fluid (Frisia, 1996; Frisia, et al., 2000, 2002).  

CaCO3 replacement by apatite has been observed during natural hydrothermal 

reactions and chemical weathering (Kasioptas et al., 2008). Hydrothermal experiments 

using aragonite and calcite single crystals in phosphate solutions at 200 °C showed that 

calcium carbonates are replaced by polycrystalline hydroxylapatite, while the overall 

morphology of both single crystals was retained. Furthermore, hydrothermal alteration 

experiments using aragonite single crystals between 140-200 °C have shown that partial 

aragonite replacement by polycrystalline calcite occurred at elevated temperatures 

(≥180 °C) and resulted from interface-coupled dissolution-reprecipitation reactions. The 

usage of 18O tracer in the solutions shed light on the replacement mechanism. Aragonite 

by calcite replacement proceeded by fracture development which allowed mass 

transport between the reaction front and fluid reservoir. Randomly oriented calcite 

crystallites nucleated within generated fractures, thus, no systematic relationship 

between the crystallographic orientations of the two CaCO3 polymorphs could be 

observed (Perdikouri et al., 2008, 2013). Similar findings were made on mollusc and 

gastropod aragonite where replacement of aragonite by randomly oriented calcite 

crystals could not be detected below 175 °C (Casella et al., 2017, 2018c; Ritter et al., 2017). 

1.3.1 Dissolution-reprecipitation-reactions in diagenetic 

environments 

Rocks are prone to chemical alteration processes from their time of deposition up to the 

present day (Walter, 1986). During diagenesis dissolution-reprecipitation processes may 

occur in clay minerals present in sedimentary basins, and carbonates mainly produced in 

settings of modern shallow seawater. Carbonaceous sediments are replaced by phases 

with higher stability (e.g., calcite, dolomite) under given conditions during short-term 
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(early-diagenetic) diagenesis close to the Earth´s surface (i.e., <1 m in depth) and long-

term (burial/post-depositional) diagenesis (Morse and Mackenzie 1990; Rude and Aller, 

1991; Brand, 1994; Patterson and Walter, 1994; Melim et al., 2002; Fowler and Yang, 2003; 

Morse, 2003; Walter et al., 2007; Hu and Burdige, 2007; Burdige et al., 2010). Micritisation 

and development of calcareous cements are assumed to involve CDR reactions (Reid and 

Macintyre, 1998; Morse, 2003). 

CDR reactions may be caused by intergranular pressure solution at grain 

boundaries due to overburden pressure in burial environments, e.g., in quartz 

sedimentary deposits. Induced by the weight of overlying sediments grain-grain 

contacts experience higher stresses resulting in increased solubilities and mineral 

dissolution at grain contacts, material transport into the fluid phase, and reprecipitation 

processes at sites of low stress. Thus, sediment compaction and lithification is ultimately 

caused by CDR reactions (Rutter, 1983; Gratier and Guiget, 1986; Renard et al., 2000; 

Revil, 2001; Chester et al., 2004; Putnis, 2009). 

In the 1980´ies, Maliva and Siever (1988b) developed a model for replacement 

reactions taking place in diagenetic environments where free grain surfaces of the host 

are in contact with fluids which are not necessarily undersaturated nor supersaturated 

with respect to the host and new forming phase, respectively. The authors proposed that 

the controlling factor in this model is the force of crystallisation by which the crystal 

growing from a supersaturated solution exerts pressure on its surrounding resulting in 

dissolution of adjacent minerals/rocks due to pressure induced dissolution. Preserved 

microstructural features of the parent indicate that rates of parent dissolution and 

product precipitation were equal (Nahon and Merino, 1997; Putnis, 2009).  
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2.1.1 Abstract 

Biomineralised hard parts form the most important physical fossil record of past 

environmental conditions. However, living organisms are not in thermodynamic 

equilibrium with their environment and create local chemical compartments within their 

bodies where physiologic processes such as biomineralisation take place. In generating 

their mineralised hard parts, most marine invertebrates produce metastable aragonite 

rather than the stable polymorph of CaCO3, calcite. After death of the organism the 

physiological conditions, which were present during biomineralisation, are not 

sustained any further and the system moves toward inorganic equilibrium with the 

surrounding inorganic geological system. Thus, during diagenesis the original biogenic 

structure of aragonitic tissue disappears and is replaced by inorganic structural features.  

In order to understand the diagenetic replacement of biogenic aragonite by 

inorganic calcite, Arctica islandica mollusc shells were subjected to hydrothermal 

alteration experiments. Experimental conditions were between 100 and 175 °C, with the 

main focus on 100 and 175 °C, reaction durations between 1 and 84 days, and alteration 

fluids simulating meteoric and burial waters, respectively. Detailed microstructural and 

geochemical data were collected for samples altered at 100 °C (and at 0.1 MPa pressure) 

for 28 days and for samples altered at 175 °C (and at 0.9 MPa pressure) for 7 and 84 days. 

During hydrothermal alteration at 100 °C for 28 days most but not the entire biopolymer 

matrix was destroyed, while shell aragonite and its characteristic microstructure were 

largely preserved. In all experiments up to 174 °C, there are no signs of a replacement 

reaction of shell aragonite to calcite in X-Ray diffraction bulk analysis. At 175 °C the 

replacement reaction started after a dormant time of 4 days, and the original shell 

microstructure was almost completely overprinted by the aragonite to calcite 

replacement reaction after 10 days. Newly formed calcite nucleated at locations which 

were in contact with the fluid, at the shell surface, in the open pore system, and along 

growth lines. In experiments with fluids simulating meteoric water, calcite crystals 

reached sizes up to 200 µm, while in the experiments with Mg-containing fluids the 

calcite crystals reached sizes up to 1 mm after 7 days of alteration. Aragonite is 

metastable at all applied conditions. Only a small bulk thermodynamic driving force 

exists for the replacement by calcite. We attribute the sluggish replacement reaction to 

the inhibition of calcite nucleation in the temperature window from ca. 50 to ca. 170 °C 

or, additionally, to the presence of magnesium. Correspondingly, in Mg2+-bearing 

solutions the newly formed calcite crystals are larger than in Mg2+-free solutions. Overall, 

the aragonite by calcite replacement occurs via an interface-coupled dissolution–

reprecipitation mechanism, which preserves morphologies down to the sub-micrometre 

scale and induces porosity in the newly formed phase. The absence of aragonite 

replacement by calcite at temperatures lower than 175 °C contributes to explaining why 
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aragonitic or bimineralic shells and skeletons have a good potential of preservation and 

a complete fossil record. 

2.1.2 Introduction 

The skeletons of marine calcifiers are considered high resolution archives of proxies to 

understand the evolution of the Earth system. They are widespread in the fossil record 

and are sensitive to changes in seawater composition (e.g., Brand et al., 2003; Parkinson 

et al., 2005; Schöne and Surge, 2012; Brocas et al., 2013). However, diagenetic alteration 

of fossil biogenic carbonates is a significant obstacle in understanding past climate 

dynamics (Grossmann et al., 1993; Richardson, 2001; Immenhauser et al., 2005; Korte et 

al., 2005). Despite more than a century of research on carbonate diagenesis, many of the 

controlling processes are still only understood in a qualitative manner (Brand and 

Veizer, 1980, 1981; Swart, 2015). One of the main problems is that diagenetically altered 

carbonates occur as the product of a complex alteration pathway with an unknown 

number of intermediate steps and controlling factors (Immenhauser et al., 2015; Swart, 

2015; Ullmann and Korte, 2015). Motivated by the lack of quantitative data on rates and 

products of marine, meteoric, and burial diagenesis, we performed laboratory-based 

alteration experiments with Arctica islandica shells with the aim to obtain time series data 

sets. The bivalve A. islandica has been studied in several scientific disciplines, e.g., 

biology (Taylor, 1976; Oeschger and Storey, 1993; Morton, 2011; Strahl et al., 2011). 

Arctica islandica has also gained profound attention in palaeoclimatology due to its long 

lifespan and its use as a high-resolution long-term archive (e.g., Marchitto et al., 2000; 

Schöne et al., 2004, 2005b, 2005c; Wanamaker et al., 2008, 2011; Butler et al., 2009, 2013; 

Karney et al., 2012; Schöne, 2013). From a long-term perspective, A. islandica plays an 

important role in palaeontology, not only as a Neogene palaeoecological and 

palaeoclimatic archive (e.g., Marchitto et al., 2000; Schöne et al., 2004, 2005b, 2005b; 

Wanamaker et al., 2008, 2011; Butler et al., 2009, 2013; Karney et al., 2012; Schöne, 2013; 

Crippa et al., 2016) but also as a biostratigraphic tool. Formerly considered a marker for 

the Pliocene-Pleistocene boundary (Raffi, 1986) in the Mediterranean region, its first 

appearance is now regarded as an indicator of the Gelasian-Calabrian (early Pleistocene) 

boundary, around 1.7 Ma (Crippa and Raineri, 2015). The potential of this species for 

palaeontology is strictly dependent on its preservation, and thus, the dynamics of 

diagenetic shell alteration. 

At ambient conditions calcite is the stable, and thus, the least soluble 

polymorphic phase of CaCO3 (Plummer and Mackenzie, 1974; Plummer and Busenberg, 

1982; Sass et al., 1983; Walter and Morse, 1984b; Bischoff et al., 1987, 1993; Redfern et al., 

1989; Navrotsky, 2004; Morse et al., 2007; Gebauer et al., 2008, Gebauer and Cölfen, 2011; 
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Radha and Navrotsky, 2013), while at higher pressures aragonite forms the stable 

calcium carbonate polymorph (Redfern et al., 1989; Radha and Navrotsky, 2013). 

Accordingly, calcite crystallises from aqueous solutions below ca. 50 °C (if no calcite-

inhibitors are present). However, even in pure Ca2+/HCO−3 solutions, at temperatures 

above ca. 50 °C metastable aragonite rather than calcite is obtained (Kitano et al., 1962; 

Taft, 1967; Ogino et al., 1987). There is no sharp tipping point but rather a gradual 

change of fraction of the precipitating phases (Ogino et al., 1987; Balthasar and Cusack, 

2015). Furthermore, inhibitors of calcite nucleation and/or growth decrease the 

temperature of this regime shift in precipitation even further; in marine and diagenetic 

environments the most important inorganic inhibitor is Mg2+ (Kitano et al., 1972; Katz, 

1973; Berner, 1975; Morse et al., 1997; Choudens-Sánchez and Gonzáles, 2009; Radha et 

al., 2010; Balthasar and Cusack, 2015; Sun et al., 2015). 

The replacement reaction of aragonite by calcite in aqueous systems was 

investigated by Bischoff and Fyfe (1968), Metzger and Barnard (1986), Yoshioka et al. 

(1968), Bischoff (1969), Kitano et al. (1972), Katz (1973), Oomori et al. (1987), and more 

recently by Perdikouri et al. (2011, 2013). It was recognised by Fyfe and Bischoff (1965) 

that the aragonite by calcite replacement reaction in aqueous environments occurs by 

dissolution and reprecipitation reactions. Except for Metzger and Banard (1968), and 

Perdikouri et al. (2011, 2013), most authors have used powdered samples of geological or 

powdered synthetic aragonite. For these powdered samples, they claim a rapid 

replacement reaction of aragonite to calcite within hours or very few days at 

temperatures of ca. 100 °C or above, depending on temperature and the Mg content of 

the solution. 

Metzger and Banard (1968) and Perdikouri et al. (2011, 2013) investigated 

aragonite blocks or single crystals and report that temperatures in excess of 160-170 °C 

are required to replace aragonite by calcite within a couple of days, whereas below 

160 °C aragonite remains present over many weeks. 

The present study describes first experimental data of the replacement reaction of 

BIOGENIC aragonite to inorganic calcite and investigates the kinetics of the replacement 

reaction of aragonite by calcite in shell material, geochemistry, nano- and microstructure 

alteration, and crystallographic texture variation. During biomineralisation, living 

organisms create local micro-environments for physiological generation of their 

composite hard tissues. After the death of the organism, all tissues become altered by 

equilibration with the surrounding environment – part of the complex set of processes 

called diagenesis. Thus, as diagenetic alteration proceeds, the species-specific fingerprint 

of the biogenic structure disappears and is replaced by inorganic features. Despite the 

fact that the evolutionary line of A. islandica dates back to the Jurassic (Casey, 1952), only 

a limited number of studies have dealt with A. islandica specimens due to the 

thermodynamically unstable nature of their aragonitic shells. The aim of the present 
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paper is to describe analysis-based detailed microstructural, geochemical, phase, and 

texture data observed in the experimental simulation of diagenesis by hydrothermal 

treatment of modern A. islandica shell samples. With this study, we gain quantitative 

insight into processes that take place along pathways from early marine pore water 

diagenesis to the pervasive recrystallisation under burial conditions. The targets of the 

present study are the analysis of microstructural features, the preservation of the organic 

matrix in the shell, and the kinetics of the replacement reaction of aragonite by calcite as 

investigated by X-ray diffraction, scanning electron microscopy (SEM), and 

crystallographic microanalysis determined by electron backscatter diffraction (EBSD). 

Element maps of Cl, Mg, Na, and Sr were determined by electron probe micro-analysis 

(EPMA). 

2.1.3 Materials and methods 

Test materials 

For this study, shells of A. islandica were collected from the recent shell middens of a 

fishing company in northern Iceland and from Loch Etive waters in Scotland. On 

average, shells were between 8 and 10 cm in size and represent adult specimens. Major 

morphological features of the shell of Arctica islandica are displayed in Fig. 2.16; see also 

Schöne (2013). 

Methods applied 

Organic matrix preparation by selective etching 

To image the organic matrix in modern reference and hydrothermally altered shell 

samples, as well as the mineral part in the reference specimens (i.e., inorganic and 

biogenic aragonite), shell or mineral pieces were mounted on 3 mm thick cylindrical 

aluminium rods using super glue. The samples were first cut using a Leica Ultracut 

ultramicrotome with glass knives to obtain plane surfaces within the material. The cut 

pieces were then polished with a diamond knife (DiATOME) by stepwise removal of 

material in a series of 15 sections with successively decreasing thicknesses (90, 70, 40, 20, 

10 and 5 nm; each step was repeated 15 times) as reported in Fabritius et al. (2005). The 

polished samples were etched for 180 s using 0.1 M HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) at pH 6.5 containing 2.5 % glutaraldehyde as a fixation 

solution. The etching procedure was followed by dehydration in 100 % isopropyl three 
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times for 10 min each, before the specimens were critical point dried in a BAL-TEC CPD 

030 (Liechtenstein). The dried samples were rotary-coated with 3 nm of platinum and 

imaged using a Hitachi S5200 field emission-secondary electron microscope (FE-SEM) at 

4 kV. 

Hard tissue characterisation methods 

For FE-SEM and EBSD analyses, 5 mm × 5 mm thick pieces were cut out of the shell and 

embedded in epoxy resin. The surface of the embedded samples was subjected to several 

sequential mechanical grinding and polishing steps down to a grain size of 1 µm. The 

final step was etch polishing with colloidal alumina (particle size ∼0.06 µm) in a 

vibratory polisher. For EBSD analysis, the samples were coated with 4-6 nm of carbon, 

and for SEM visualisation and electron probe micro analysis (EPMA) with 15 nm. EBSD 

measurements were carried out on JEOL JSM 6400 field emission SEM, equipped with a 

Nordlys EBSD detector. The SEM was operated at 20 kV and measurements were 

indexed with the CHANNEL 5 HKL software (Schmidt and Olesen, 1989; Randle and 

Engler, 2000). Information obtained from EBSD measurements is presented as band 

contrast images and as colour-coded crystal orientation maps with corresponding pole 

figures. 

The EBSD band contrast gives the signal strength of the EBSD–Kikuchi 

diffraction pattern and is displayed as a greyscale component of EBSD scanning maps. 

The strength of the EBSD signal is high when a crystal is detected (bright), while it is 

weak or absent when a polymer such as organic matter is scanned (dark/black).    

Co-orientation statistics is derived from pole figures obtained by EBSD scans and 

is given by the MUD (multiple of uniform (random) distribution) value. The MUD value 

is a measure of crystal co-orientation (texture sharpness) in the scanned area. High MUD 

values indicate a high crystal co-orientation (in this study calcite), whereas low MUD 

values reflect a low to random co-orientation.  

In order to trace the infiltration and percolation of fluids into and through the 

shells, pristine and hydrothermally altered shell samples were scanned with EPMA 

(Goetz et al., 2014). Chemical data were obtained by using a CAMECA SX100 EPMA 

system equipped with a LaB6 cathode. An accelerating voltage of 15 keV at a current of 

40 nA were used as operative settings. All elements were analysed with wavelength-

dispersive X-ray spectrometers. The Sr-Kα, Mg-Kα, and Na-Kα were measured on a TAP 

(thallium acid phthalate) crystal and Cl-Kα measured on an LPET (large pentaerythritol) 

crystal. Lα emission lines of Mn and Fe were detected with a LLIF (large lithium 

fluoride) crystal. A step size in the range of 1-2 µm with a dwell time of 150 ms was 

chosen for the element mappings. Celestine (Sr), dolomite (Ca, Mg), ilmenite (Mn), 

apatite (P), albite (Na), benitoite (Ba), vanadinite (Cl), and hematite (Fe) were used as 
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standard materials. Matrix correction was carried out using the PAP procedure 

(Pouchou and Pichoir, 1984). 

Alteration experiments 

Hydrothermal alteration experiments mimicked burial (and meteoric) diagenetic 

alteration of recent A. islandica under controlled laboratory conditions. Chemical and 

experimental information on hydrothermal experiments utilised in the present study are 

given in Table 2.1. All fluids were spiked with 18O-depleted oxygen in order to trace 

fluid-solid exchange reactions and isotopic studies investigated by Ritter et al. (2017). 

Details of the experimental protocol can be found in Riechelmann et al. (2016). 

Briefly, pieces (2 cm × 1 cm) of recent A. islandica specimens were placed in a PTFE 

(polytetrafluoroethylene) liner together with 25 mL of either the meteoric (10 mM NaCl 

aqueous solution) or burial fluid (100 mM NaCl + 10 mM MgCl2 aqueous solution) and 

sealed with a PTFE lid. Each of the PTFE liners was placed in a stainless steel autoclave, 

sealed and kept in the oven at temperatures of 100, 125, 150 and 175 °C for different 

periods of time ranging between 1 day and 84 days (see Table 2.1, Fig. 2.26 and Table 2.2 

for experiments; main focus was on 100 and 175 °C). Obviously, this temperature regime 

is far beyond natural meteoric diagenetic environments (Lavoie and Bourque, 1993) but 

is typical for the burial realm (Heydari, 1997). Nevertheless, elevated fluid temperatures 

were applied to meteoric experiments, too, as reaction rates under surface conditions are 

too slow for experimental approaches. After the selected time period, an autoclave was 

removed from the oven, cooled down to room temperature and then opened. The 

aqueous fluid that had passed through a 0.2 µm cellulose acetate filter was subjected to 

further chemical and isotopic analyses. Recovered solids were dried at 40 °C overnight. 

X-Ray diffraction analysis 

X-ray diffraction analysis of pristine and hydrothermally treated samples was performed 

with Mo-Kα1 radiation in transmission geometry and with Cu-Kα1 radiation in reflection 

geometry on a General Electric Inspection Technologies XRD3003 X-ray diffractometer 

with an incident beam Ge111 focussing monochromator and a Meteor position-sensitive 

detector. The diffractograms were analysed by Rietveld analysis with the software 

package FULLPROF (Rodríguez-Carvajal, 2001) using the aragonite structure data of 

Jarosch and Heger (1986) and calcite structure data of Markgraf and Reeder (1985). 
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Table 2.1: Detailed conditions used in hydrothermal alteration experiments of modern Arctica islandica. 

Major and minor element chemical data of pristine Arctica islandica aragonite and the calcite obtained after 

treatment are given in Table 2.3. 

Sample name 

 

Fluid 

type 

NaCl 

content 

[mM] 

MgCl2 

content 

[mM] 

Temp. 

[°C] 

 

Experimenta

l time 

Alkalinity 

[mM] pH 

Mg-content of 

fluid after 

experiment 

[mg/L] 

CHA-M-040 AI21 

B2 

meteoric 10 - 100 28 days 1.69 7.91 3 

CHA-M-042 AI 23 

B2 

meteoric 10 - 175 7 days 7.72 - 0 

CHA-M-046 AI27 

B1 

meteoric 10 - 175 84 days 10.75 7.78 1 

CHA-M-043 AI24 

B2 

burial 100 10 100 28 days 2.02 8.39 112 

CHA-M-041 AI22 

B2 

burial 100 10 175 7 days 9.96 - 84 

CHA-M-046 AI 27 

B2 

burial 100 10 175 84 days 6.99 7.51 165 

CHA-M-044 AI29 

L1 

burial 100 10 125 1 day - - - 

CHA-M-044 AI29 

L2 

burial 100 10 125 14 days - - - 

CHA-M-044 AI29 

L3 

burial 100 10 150 2 days - - - 

CHA-M-044 AI26 

L1 

burial 100 10 175 1 day - - - 

CHA-M-044 AI20 

L3 

burial 100 10 175 3 days - - - 

CHA-M-044 AI28 

L2 

burial 100 10 175 4 days - - - 

CHA-M-044 AI28 

L1 

burial 100 10 175 4 ¼ days - - - 

CHA-M-044 AI28 

L2 

burial 100 10 175 4 ¾ days - - - 

CHA-M-044 AI20 

L1 

burial 100 10 175 5 days - - - 

CHA-M-044 AI20 

L2 

burial 100 10 175 6 days - - - 

         

Table 2.2: Crystal co-orientation (texture) strength expressed as multiple of uniform (random) distribution 

(MUD) of modern and experimentally altered Arctica islandica shells. Ar: aragonite, Cc: calcite. 

Sample name 

Fluid 

type 

Temp. 

[°C] 

Experimental 

time 

MUD value 

of the 

outermost 

shell part 

MUD value 

of the central 

shell part 

MUD value of 

the innermost 

shell part 

Modern reference - - - 12 Ar/32 Ar 58 Ar 88 Ar 

altered specimen 

CHA-M-040 AI21 B2 
meteoric 100 28 days 7 Ar 27 Ar 94 Ar 

altered specimen 

CHA-M-043 AI24 B2 
burial 100 28 days 4 Ar - 99 Ar 

altered specimen 

CHA-M-042 AI23 B2 
meteoric 175 7 days 18 Cc 15 Cc - 

altered specimen 

CHA-M-046 AI27 B1 
meteoric 175 84 days 25 Cc 32 Cc - 

altered specimen 

CHA-M-041 AI22 B2 
burial 175 7 days 36 Cc 90 Cc 80/81 Cc 

altered specimen 

CHA-M-046 AI27 B2 
burial 175 84 days 64 Cc 62 Cc - 
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2.1.4 Results 

The shell ultrastructure of modern Arctica islandica 

Figures 2.1 to 2.5 show characteristic ultrastructural features of the shell of modern A. 

islandica. Images of the pristine shell are given in Figs. 2.1-2.3, while Figs. 2.4 and 2.5 

present structural features of the hydrothermally altered shells. The valve of A. islandica 

is layered, with various shell parts showing different internal structural features (Fig. 

2.1). The distribution patterns of porosity, pore sizes and the dimensions of basic 

aragonitic crystal units vary significantly along the cross section of the shell. The outer 

shell layer, indicated with yellow stars in Figs. 2.1A-B, consists of aragonite crystal units 

in the 5 µm size range (Fig. 2.2A). This shell layer is highly porous (see the white dotted 

features in Fig. 2.1B), and pore diameters range within a few micrometres (Fig. 2.17, see 

chapter 2.1.9). The inner shell layer, i.e., the part very close to the soft tissue of the animal 

(indicated with white rectangles in Figs. 2.1A, C), is dense and composed of very few 

small aragonite crystallites with pore sizes of less than 1 µm (Fig. 2.2B). The dimension 

of pores in this shell region is in the 1 to 2 µm range. However, the innermost shell layer, 

the layer that is in contact with the mantle tissue of the animal (white stars in Figs. 2.1A, 

C), contains large (up to 12 µm in diameter) and elongated pores which are oriented 

perpendicular to the rim of the shell (see white arrows in Fig. 2.1C). Growth lines are 

clearly visible in the cross section through the shell (white arrows in Fig. 2.1A) as thin 

layers are characterised by higher accumulations of organic material (this study and 

Richardson, 2001). 

Figures 2.2 and 2.3 show, at increasing magnification, structural features of 

modern A. islandica shells which were made visible by slight etching of the mineral and 

simultaneous chemical fixation of the organic matrix. Structural characteristics of the 

reference material (inorganic aragonite grown from solution), treated chemically in a 

similar way as the biogenic aragonite samples, are shown in chapter 2.1.9 (Fig. 2.18). 

Figure 2.2A shows features which are characteristic of the outer shell layer, whereas Fig. 

2.2B depicts internal characteristics of the tissue-adjacent side of the shell (the region 

marked by white rectangles in Fig. 2.1). Etching brings out the outlines of the aragonite 

grains, revealing the fabric of the biopolymer matrix within the hard tissue and its 

interlinkage with the mineral. The mineral units (crystals) in the outer shell layer are 

highly irregular in shape with dimensions in the 1-5 µm range (Fig. 2.2A). In contrast, 

although the mineral units (crystals) in the dense layer of the shell also have irregular 

morphologies, they are of significantly smaller dimensions, mainly in the 1-2 µm range 

and below (Fig. 2.2B). The predominant fabric of the organic matrix in the shell of A. 

islandica is a network of intracrystalline fibrils (Fig. 2.3, yellow arrows in Figs. 2.3A, B) 
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which interconnect the mineral units across the grain boundaries. However, organic 

membranes are occasionally also present and surround the mineral units (white arrows 

in Fig. 2.3A). Like all other biological carbonate hard tissues, at the finest scale, the shell 

of A. islandica is composed of nanoparticles which are a few tens of nanometres in 

diameter (white arrows in Fig. 2.3C). In order to check the validity of nanoscale 

structural features observed in pristine Arctica islandica shells, we prepared inorganic 

aragonite grown from solution in a similar way (microtome-cut, polished, etched slightly 

only for 180 s, critical-point-dried). As is visible in Fig. 2.18, etch pits develop in 

inorganic aragonite grown from solution and nanoparticulate features are absent. 

 

 

Figure 2.1: FE-SEM image showing ultrastructure characteristics of the shell of modern Arctica islandica (A), 

its high porosity in shell layers facing seawater (yellow stars in A, B) and the denser shell layers (white stars 

in A, C) close to the soft tissue of the animal. The innermost shell layers contain elongated pores (white 

stars in C) with the long axis of the pores oriented perpendicular to the inner surface of the shell (white 

arrows in C). Highly dense shell parts are also present (white rectangles in A, C), in which pore density and 

size is very low and where minute aragonite crystals are closely packed. White arrows in (A) indicate the 

location of growth lines. 
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Figure 2.2: FE-SEM micrograph of microtome cut, microtome polished, etched, and critical-point-

dried surface of the shell of modern Arctica islandica: (A) the outer shell layer and (B) inner shell 

layer. Etching occurred for 180 s and was applied to remove aragonite in order to visualise the 

spatial distribution of (glutaraldehyde-stabilised) biopolymers within the shell. The outer shell 

layer consists of large and irregular mineral units, connected to each other and is infiltrated by a 

network of organic fibrils. The inner shell layers consist of significantly smaller mineral units. 

These are also interconnected by organic fibrils. 
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Figure 2.3: FE-SEM micrographs of cut, microtome-polished, etched, and critical-point-dried 

surfaces of modern Arctica islandica next to seawater (A) and close to the soft tissue of the animal 

(B, C). Etching occurred for 180 s and slightly removed aragonite in order to visualise the spatial 

distribution of (glutaraldehyde-stabilised) biopolymers within the shell. Readily visible is the 

nanoparticulate consistency of the aragonitic hard tissue (white arrows in C) and the presence of 

biopolymer membranes (white arrows in A) and fibrils (yellow arrows in A, B) between and 

within the mineral units. 
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The ultra- and microstructure of experimentally altered A. islandica 

shells 

Pieces of pristine Arctica islandica shells were altered at 100, 125, 150 and 175 °C for 1 to 

84 days in fluids simulating meteoric and burial (Mg-rich) fluids (Table 2.1). As X-Ray 

diffraction (XRD) measurements in Fig. 2.26 show, shell aragonite remains stable for the 

first 3 days of alteration, even at alteration temperatures of 175 °C. Alteration times up to 

14 days at 125 °C do not cause the mineral replacement reaction of A. islandica shell 

aragonite by calcite (Fig. 2.26). In our experiments calcite formation started on the fourth 

day of alteration. 

In order to trace fluid infiltration into and their percolation through the shell we 

performed major and minor element chemical analyses by EPMA. The distribution 

patterns of sodium, chlorine and strontium are shown as characteristic examples (Figs. 

2.19-2.21). Fluids enter the shell through pores and along growth lines, as demonstrated 

by the perfect correspondence between increased Na and Cl contents and the outlines of 

annual growth lines indicated by elevated Sr contents (Fig. 2.19). 

 

 

Figure 2.4: FE-SEM micrographs of cut, microtome-polished, etched, and critical-point-dried 

surfaces of experimentally altered Arctica islandica shell materials: (A, C) outer shell layer and (B, 

D) inner shell layer. Etching occurred for 180 s and was applied for the visualisation of the spatial 

distribution of (glutaraldehyde-stabilised) biopolymers within the shell; 10 mM NaCl + 10 mM 

MgCl2 aqueous solution (burial fluid) was used for alteration at 100 °C for 28 days (A, B) and at 

175 °C for 7 days (C, D). Yellow stars in (A) and (B) indicate mineral units. 
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Figure 2.5: FE-SEM micrographs that zoom into experimentally altered Arctica islandica shell 

material shown in Fig. 2.4. 10 mM NaCl + 10 mM MgCl2 aqueous solution (burial fluid) was used 

for alteration at 100 °C for 28 days (A, B) and at 175 °C for 7 days (C, D). Panels (A) and (C) show 

the outer shell layers; (B) and (D) depict material from the inner shell layers. The biopolymers 

have decomposed and dissolved in the material treated at 175 °C (C, D). Readily observable are 

minute round holes within the mineral units (yellow arrows in B, C, D) which were filled in the 

pristine shell, prior to alteration, by biopolymer fibrils. For further details concerning the 

interlinkage between mineral units and nanoparticles with organic matrices, see Figs. 2.22 and 

2.23. 

These growth lines are readily detected by an increase in Sr contents in pristine (Fig. 

2.19A) as well as in hydrothermally altered shell samples (Figs. 2.20-2.21; see also Shirai 

et al., 2014). However, neither the temperature of hydrothermal alteration nor the 

chemistry of the alteration fluid has an influence on the amount of Sr present along 

growth lines. Relative to neighbouring shell increments, the Sr content along the growth 

lines is always higher (Shirai et al., 2014). Maximal concentrations (along annual growth 

lines) in pristine and altered shells vary between 0.4 and 0.6 wt % Sr (Figs. 2.19-2.21). 

FE-SEM images of Figs. 2.4-2.5 highlight the grain structure and remnants of the 

organic matrix in hydrothermally altered A. islandica shells. In the case of the samples 

shown in Figs. 2.4-2.5, burial water was used as alteration solution; the hydrothermal 

treatment conditions were 100 °C for 28 days (Figs. 2.4A-B, Figs. 2.5A-B) and 175 °C for 7 

days (Figs. 2.4C-D, Figs. 2.5C-D). SEM images on the left-hand side of Figs. 2.4 and 2.5 
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are taken of the outer shell layer, while SEM images on the right-hand side of Figs. 2.4 

and 2.5 are taken of the dense inner shell layer. Alteration at 100 °C for 28 days did not 

change the internal ultrastructure of the shell significantly. The shape and size of the 

mineral units are retained and they are still interconnected with a few organic fibres 

(Figs. 2.4A-B, Fig. 2.5B). However, at 175 °C for 7 days, the formerly present network of 

biopolymer fibres and membranes has vanished completely (Figs. 2.4C-D, Figs. 2.5C-D). 

At higher magnification a multitude of tiny holes (indicated with yellow arrows in Figs. 

2.5C-D and enlarged in Figs. 2.22A and 2.23B) become readily visible. In the unaltered 

shell, these holes were filled with the network of biopolymer fibrils interconnecting the 

mineral units (e.g., Fig. 2.3B). The tiny holes in the mineral units start to become visible 

even in the samples altered at 100 °C (yellow arrows in Fig. 2.5B). Although at 175 °C 

shell aragonite has been replaced by large calcite crystals (see following the description 

of results), etching still outlines a grain fabric on the size scale of the former bio-

aragonite crystal units (Figs. 2.4C-D). The newly formed fabric resembles that of a fine-

grained inorganic ceramic material. 

Aragonite crystal orientation patterns of modern A. islandica shells and those 

altered at 100 °C are presented in Figs. 2.6, 2.24, and 2.25 with EBSD greyscale band 

contrast images (upper images of Figs. 2.6A-C, Fig. 2.24), EBSD colour-coded orientation 

maps (lower images of Figs. 2.6A-C), and corresponding pole figures. Figure 2.6E gives 

grain area information deduced from the EBSD measurements which are shown in Figs. 

2.6A-C. Alteration occurred at 100 °C, over a period of 28 days, and took place in 

simulated meteoric (Fig. 2.6B) and burial fluid (Fig. 2.6C, Fig. 2.24), respectively. The 

microstructure and texture of pristine A. islandica shell material is shown in Fig. 2.6A. 

The crystallographic co-orientation in pristine and altered A. islandica shells is axial with 

the c-axes (setting a = 4.96 Å, b = 7.97 Å, c = 5.74 Å, space group Pmcn) pointing 

approximately perpendicular to the growth lines. Co-orientation of the aragonite 

crystallites in the outer shell layer, even in the modern A. islandica, is very low with 

MUD values of 12 (Fig. 2.6A) and 32 (Fig. 2.25A). 

Hydrothermal treatment of A. islandica at 100 °C does not produce a significant 

change in aragonite co-orientation pattern, texture, grain fabrics, and grain size 

distributions. The pristine and hydrothermally treated shell materials appear to be quite 

similar. Small changes in MUD values may be attributed to the fact that it was 

impossible to locate the EBSD scan fields on the different samples in exactly 

corresponding spots with respect to the outer shell margin and to the patterns of annual 

growth lines. Figure 2.7 and Figures 2.24B-C show microstructure and texture 

characteristics deeper within the shell (Fig. 2.7A, Figs. 2.24-2.25) and at the innermost 

margins next to the inner shell layer (Figs. 2.7C-D; alteration in simulated meteoric fluid: 

Figs. 2.7A-D; alteration in simulated burial fluid: Figs. 2.7E-F). In the EBSD band contrast 

map of Fig. 2.7A we clearly see the change in microstructure from the outer shell layer  
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Figure 2.6: EBSD band contrast images (greyscale) and orientation maps (coloured; colour code 

given in panel D) with corresponding pole figures of pristine (A) and experimentally altered (B, 

C) Arctica islandica shell material. In the pole figures, colour is coded for pole density, with the 

maximum in red corresponding to the given MUD value for each set of pole figures, respectively. 

All EBSD measurements were taken on the outer shell layer. Hydrothermal alteration was 

applied for 28 days at 100 °C. The solutions used were artificial meteoric fluid in (B) and artificial 

burial fluid in (C). As the pole figures show, in comparison to the microstructure of pristine A. 

islandica (A), the crystal orientation pattern in the skeleton is not affected by treatment with the 

solutions. (E) Grain diameter statistics for pristine and experimentally altered A. islandica shell 

material obtained from the EBSD measurements are shown in (A)–(C). There is no significant 

difference in grain size between pristine and hydrothermally altered A. islandica shells. 

with the larger aragonite crystals (yellow star in Fig. 2.7A) to the inward shell layer 

where aragonite crystals become small to minute (white star in  Fig. 2.7A, Figs. 2.24B-C). 

As the pole figures and MUD values demonstrate, the axial c- and a-axes’ co-orientation 

increases gradually towards the inner shell layer where MUD values of almost 100 are 

reached (Figs. 2.7D and F, Figs. 2.24-2.25). 

Using XRD we obtained an overview of the kinetics of the A. islandica biogenic 

aragonite by calcite replacement under hydrothermal conditions up to 175 °C in artificial 

burial solution (Figs. 2.8A-B, Fig. 2.26). A representative Rietveld plot of the analysis of 

the XRD data obtained for the 6-day alteration is given in Fig. 2.27. As Fig. 2.24 

demonstrates, experiments below 175 °C show no signs of a replacement reaction of bio-

aragonite to inorganic calcite in the XRD bulk measurements. At 175 °C in simulated 
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burial solution, calcite formation starts after a passive period of about 4 days (Figs. 2.8A-

B, Fig. 2.26) and then proceeds rapidly. After 7 days only a few patches of aragonite in 

the dense shell layer are not yet completely replaced by calcite (as seen in the EBSD 

investigations, unaltered shell areas are indicated with white rectangles in Fig. 2.1A). 

After 8 days the replacement by calcite is complete. 

 

 

Figure 2.7: EBSD band contrast images (greyscale) and corresponding pole figures of 

hydrothermally altered (100 °C for 28 days) Arctica islandica shell material with artificial meteoric 

fluid (A, B, C, D) and artificial burial fluid (E, F). In (A) the change in shell microstructure is 

visible from the outer shell layer which contains large aragonite crystals (yellow star in A) and 

many pores, in contrast to the inner shell layer, which consist of densely packed small aragonite 

crystallites (white star in A). In (C) and (E) band contrast maps and pole figures are shown that 

were taken on the inner shell layer. As the pole figures and the high MUD values in (D) and (F) 

highlight, this part of the shell remains almost unaltered, and the pristine A. islandica 

microstructure is kept. In (A) two yellow arrows and two dashed lines indicate the location of 

former growth lines where, in pristine shells, an increased amount of organic material is present. 

As the latter is destroyed during hydrothermal alteration, space becomes available for infiltration 

of fluids. For further details, see Fig. 2.24. 
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Figure 2.8: (A) Selected X-ray diffractograms for 3 to 84 days of alteration of Arctica islandica shell 

material. Alteration took place in artificial burial solution at 175 °C. (B) Newly formed calcite 

content relative to alteration time (days) calculated from Rietveld analyses of the XRD 

measurements. 
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Figure 2.9: EBSD band contrast maps, colour-coded orientation maps, and corresponding pole 

figures highlight the microstructure and texture of Arctica islandica shells altered at 175 °C in 

artificial meteoric solution. EBSD measurements shown in (A) and (B) were taken on shells which 

were subject to hydrothermal alteration for 7 days. Measurements shown in image (C) refer to 

shells where alteration lasted for 84 days. At 175 °C, for both alteration times, aragonite was 

almost completely replaced by calcite, and the shell microstructure is characterised by large and 

randomly oriented calcite crystals. The initial growth of calcite is visible at the location of former 

growth lines (yellow arrows in B). For further microstructural details of the pristine shell 

material, see Fig. 2.24. 
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Figure 2.10: EBSD band contrast maps and colour-coded orientation maps with corresponding 

pole figures for hydrothermally altered Arctica islandica shells at 175 °C in water simulating burial 

diagenesis. EBSD measurements shown in (A) and (B) were taken on shells which were subject to 

hydrothermal alteration for 7 days, while the measurement shown in (C) was performed on shells 

where alteration lasted for 84 days. At 175 °C, for both alteration times, most of the aragonite has 

been replaced by calcite. 
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Figure 2.11: EBSD band contrast (in grey), crystal orientation (colour-coded for orientation) maps, 

and corresponding pole figures of altered Arctica islandica shells at 175 °C in artificial meteoric (A) 

and burial (B) solution. Clearly visible is the initial formation of calcite at the location of former 

growth lines (yellow arrows in A) and the growth of large calcite crystals (yellow stars in B) 

which formed at the shell area which is in direct contact with the alteration solution. Note that 

some pristine aragonite in the dense shell layer is still present. 

EBSD data clearly shows that after a hydrothermal treatment at 175 °C, with either 

simulated meteoric or burial fluid, shell aragonite is replaced by calcite (Figs. 2.9-2.11). In 

the outer shell layer the replacement reaction to calcite is complete with the development 

of large crystal grains; some reaching sizes of hundreds of micrometres (see EBSD maps 

in Figs. 2.9-2.10). In contrast, dense shell regions devoid of pores still retain patches of 

the original aragonitic microstructure and texture (coloured EBSD maps in Figs. 2.11A-

B). The MUD values for the newly formed calcite material are high (Figs. 2.9-2.10), but 

this is related to the fact that, within the range of the EBSD scan, just a small number of 

large, newly formed, individual crystals is encountered. Figure 2.11 shows shell regions 

where patches of aragonite have survived which contain first-formed calcite. Calcite 

nucleation sites are the locations where the experimental fluid has access to the shell: at 

its outer and inner surfaces (yellow stars in Fig. 2.11B) and at growth lines (yellow 

arrows in Fig. 2.11A). Figure 2.11A demonstrates how calcite crystals form strings along 

linear features, which correspond to growth lines in the pristine shell material. 
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2.1.5 Discussion 

Driving force in comparison to nucleation barrier 

In sedimentary environments the fate of metastable biogenic aragonite or high-Mg 

calcite can follow two scenarios: (1) the metastable biogenic matter can be completely 

dissolved and removed by fluid transport to form moulds which are later filled by 

cement or other neogenic minerals or (2) the metastable minerals may be replaced by 

stable low-Mg calcite in situ through a process which involves dissolution of the 

metastable phase into a nano- to microscale local fluid volume (e.g., a thin fluid film) 

from which the stable low-Mg calcite precipitates without long-range transport (Brand 

and Veizer, 1980, 1981; Brand, 1991, 1994; Bathurst, 1994; Maliva, 1995, 1998; Maliva et 

al., 2000; Titschak et al., 2009; Brand et al., 2010). The latter process may preserve original 

morphological boundaries and microstructures such as prisms, tablets and fibres in 

bivalve shells. The replacement reaction from aragonite to stable low-Mg calcite is driven 

by the higher solubility (free energy) of the metastable phase compared to the stable 

phase. Thus, as the replacement reaction proceeds, the reactive, percolating experimental 

or diagenetic pore fluid becomes undersaturated with respect to aragonite owing to its 

relative supersaturation with respect to calcite, the less soluble mineral phase in the 

system. In a fluid which draws its calcium and carbonate ions from the dissolution of 

aragonite, the maximal supersaturation Ωmax with respect to calcite can be described as 

 

       
               

             
, (eq. 3), 

 

where Ksp stands for the ion activity products of the respective phase in the relevant pore 

fluid. The free energy difference or thermodynamic driving force is given by ΔGmax = −RT 

ln Ωmax. To obtain an estimate we used the data of Plummer and Busenberg (1982) and 

calculated the solubility products for calcite and aragonite for 25, 100, and 175 °C (Fig. 

2.12). The maximal supersaturations Ωmax thus obtained are 1.39 (25 °C), 1.26 (100 °C), 

and 1.18 (175 °C). The replacement reaction first requires a nucleation step: the formation 

of the first calcite crystallites larger than the critical size r∗ (Morse et al., 2007). Empirical 

nucleation theory relates the activation energy ΔGA(r∗) necessary to form a nucleus of 

critical size to the specific surface energy σ needed to form the interface between the 

nucleating phase and the matrix phase as 

 

     
∗  

  

          
 (eq. 4). 

 



Results and discussion 

 

53 

 

 

 

Figure 2.12: Solubility products of aragonite and calcite calculated from the data of Plummer and 

Busenberg (1982). The labels at the ordinate give the powers of 10, and the numbers in the plot 

give the mantissa of the SP. Ωmax is the difference between the value for aragonite (red) and 

calcite (green), and it is the upper bound of the supersaturation available to drive calcite 

precipitation from aragonite dissolution (thermodynamic driving force Δmax = RT ln Ωmax). To 

drive dissolution of aragonite and precipitation of calcite at non-zero rates, the pore fluid needs to 

be undersaturated with respect to aragonite and supersaturated with respect to calcite. 

Only supercritical nuclei or pre-existing seed crystals of size r>r∗ of calcite can lower 

their free energy as their volume of free energy gained by growth exceeds the adverse 

energy contributions of increasing interface area. To obtain a significant number of 

supercritical nuclei a critical supersaturation needs to be reached (Morse et al., 2007; 

Gebauer et al., 2008; Nindiyasari et al., 2014; Sun et al., 2015). Reported values for critical 

supersaturation levels Ωcrit required for calcite nucleation in various conditions range 

from the order of 3.7 (Lebron and Suárez, 1996; Zeppenfeld, 2003) to the order of 30 

(Morse et al., 2007; Gebauer et al., 2008) or even several hundred in, for example, 

hydrogel matrices (Nindiyasari et al., 2014). The density functional theory study of Sun 

et al. (2015) arrives at Ωcrit = 5 for systems free of inhibitors such as Mg, and Ωcrit = 35 for 

modern seawater. Accordingly, the supersaturation produced by the dissolution of 

aragonite is very small compared to supersaturation levels typically required for the 

nucleation of calcite. Thus, we can expect that nucleation is a critical kinetic step in the 

replacement reaction of aragonite by calcite. 
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Aragonite metastability at 100 °C up to 160 °C 

In our laboratory-based hydrothermal alteration experiments at 100 °C in both simulated 

meteoric and burial fluids, the aragonite mineral and the characteristic biological 

microstructure survive the hydrothermal treatment up to at least 28 days. In experiments 

at 125 °C and 150 °C we did not see any calcite formation from the bio-aragonite either. 

This is consistent with the findings of Ritter et al. (2017), who analysed the light-stable 

isotope signatures (δ13C, δ18O) of hydrothermally treated samples. In the 100 °C 

alteration experiments using isotope-doped experimental fluids, Ritter et al. (2017) found 

that the carbon and oxygen isotope ratios of the treated shells are within the same range 

as those measured in the pristine samples. Furthermore, no obvious patterns emerge 

from the comparison of sub-samples exposed to seawater, meteoric, and burial fluids. 

Most of the extensive literature on aragonite precipitation from aqueous solutions and 

aragonite-calcite replacement reactions in aqueous environments, as reviewed in the 

introduction, makes it clear that both temperatures around the boiling point of water 

and the presence of Mg2+ inhibit calcite nucleation. Thus, the inhibition of calcite 

nucleation favours the growth of aragonite if the solution is supersaturated with respect 

to the calcium carbonate phases. If supersaturation is exceedingly high and rapidly 

generated, vaterite or even amorphous calcium carbonate will precipitate and reduce the 

supersaturation below the levels required for aragonite or calcite nucleation (Navrotsky, 

2004; Gebauer et al., 2008, 2011; Radha et al., 2010). However, it is unlikely that these 

levels of supersaturation are reached in our case, as aragonite is already present. We thus 

conclude that the absence of an aragonite by calcite replacement reaction in our 100-

150 °C treatments is related to inhibition of calcite nucleation (Sun et al., 2015), a 

mechanism that has rarely been rigorously explored. 

Dormant period followed by rapid reaction at 175 °C 

At 175 °C the replacement reaction of biogenic aragonite to coarse-grained calcite occurs 

rapidly; it starts after a dormant period of about 4 days and proceeds rapidly almost to 

completion after 3 more days (Figs. 2.8 and 2.26). However, even after 84 days about 5 % 

of residual aragonite is still present. Calcite nucleation occurs (and replacement reaction 

proceeds) where the experimental fluid is in contact with the bio-aragonite: at the 

surfaces of the shell, in pores and along growth lines (Figs. 2.9B, 2.11, and 2.19-2.21). 
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Nucleation and the time lag of the aragonite by calcite replacement 

reaction at 175 °C 

A certain time lag in the hydrothermal treatment experiments is expected for the initial 

dissolution of shell aragonite to build up a sufficiently high ion activity product in the 

solution to precipitate any calcite. However, the several-day dormant period followed by 

the rapid growth of calcite indicates that the nucleation of calcite is inhibited, at least 

initially. We discussed in the previous section that the thermodynamic potential 

(supersaturation) for the formation of calcite from a fluid which is able to dissolve 

aragonite is smaller than the critical supersaturation required to obtain a discernible 

nucleation rate for calcite in normal laboratory experiments. The presence of magnesium 

in the solution further inhibits calcite nucleation, as do high temperatures between 70 

and 160 °C (Kitano et al., 1962, 1972; Taft, 1967; Katz, 1973; Berner, 1975; Morse et al., 

1997; Choudens-Sánchez and Gonzáles, 2009; Radha et al., 2010; Perdikouri et al., 2011, 

2013; Balthasar and Cusack, 2015; Sun et al., 2015), which is supported by the lack of 

calcite formation in our experiments between 100 and 150 °C (Table 2.1, Fig. 2.26). A 

possible scenario explaining the dormant period could be simply that the nucleation rate 

of calcite is extremely small due to the limited supersaturation but is non-zero. Once a 

few nuclei formed after a few days the actual growth process proceeds rapidly. Another 

scenario may be the initial, rapid formation of a passivation layer on the surface of the 

aragonite or on the surface of any calcite nuclei; the dormant period is then the time that 

is needed to dissolve this passivation layer, at least in some places, where subsequently 

calcite nuclei of critical size can form. In order to explain this second scenario we can 

only speculate that, after initial dissolution of the biogenic aragonite with excess free 

energy due to its hybrid nanoscale composite structure, an inorganic aragonite 

precipitates first on the surface of the biogenic aragonite. 

Grain size and chemistry of the newly formed calcite 

Compared to the nano- to microscale grain fabric of the original aragonite material, the 

newly formed calcite crystals are remarkably large. In meteoric solutions the grain size 

of the newly formed calcite reaches 200 µm (e.g., Fig. 2.9C), while in the Mg-bearing 

burial solution newly formed calcite crystals reach sizes in the 1 mm range, in both the 7- 

and 84-day treatments (e.g., Figs. 2.10B-C). The large calcite grains obtained can very 

likely be the result of the formation of very few calcite nuclei. 

Other explanations for the formation of large calcite grains from the original 

nano- to microscale grain fabric may be Ostwald ripening or strain-driven grain growth 

of the newly formed calcite. The latter could be expected due to the 8.44 % volume 
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increase when the denser aragonite is replaced by calcite. To elucidate this possibility we 

determined the local misorientation within the calcite crystals from the EBSD data sets. 

Maps showing small lattice orientation changes between neighbouring measurement 

points highlight high dislocation densities and subgrain boundaries, which may have 

been introduced during the replacement reaction by stresses. 

Figure 2.13 depicts the distribution pattern of local misorientation within five 

selected EBSD maps (Figs. 2.13B, E, H, K, N). Legends accompany all local 

misorientation maps (Figs. 2.13C, F, I, L, O). Blue colours indicate the absence of 

measurable internal misorientation, while light-green to yellow colours highlight areas 

where local misorientation is larger than experimental resolution. Grains in Fig. 2.13 are 

defined by a critical misorientation selected as 5 ° (i.e., tilts smaller than 5 ° are counted as 

subgrain boundaries in the mosaic structure of the crystals). 

 

 

Figure 2.13: Calcite grain structure (A, D, G, J, M; inverse pole figures colours as indicated in the 

insert in C) and maps of grain-internal local misorientation distribution (B, E, H, K, N, scales and 

probability distributions given in C, F, I, L, O) for experimentally altered shells of A. islandica 

carried out in simulated meteoric solution at 175 °C for 7 (A-C) and 84 days (D-F), and in burial 

solution at 175 °C for 7 (G-L) and 84 days (M-O). Grains are defined by using a critical 

misorientation of 5 °. Local misorientation reaches up to 2-3 ° (see legends in C, F, I, L, O), 

irrespective of alteration duration and solution. The white star in (K) marks stress-free shell areas, 

while the yellow star in (N) indicates the location of an increased stress accumulation. 



Results and discussion 

 

57 

 

For better visualisation of individual grains, we outlined these with white lines. In 

Figures 2.13G, J, and M the mosaic structure in the grains is visible in inverse pole figure 

colouring reflecting lattice orientation. In all five investigated data sets the grain-internal 

local misorientation reaches up to 2 °; thus, neither alteration time nor the chemical 

composition of the alteration solution used shows any discernible influence on the 

degree of strain accumulation within the calcite grains. Figure 2.14 compares the 

subgrain (mosaic) structure of two large calcite grains obtained in the same experimental 

fluid at 175 °C, where one grain is from the 7-day treatment, and the other from the 84-

day treatment. The grains are marked by stars in Figs. 2.13K and N, respectively. In these 

maps of Fig. 2.14 the colour is coded for misorientation relative to a common reference 

point, rather than for local misorientation. Corresponding legends are given below the 

grains. The internal misorientation (mosaic spread) for the grain obtained in the 84-day 

treatment is much higher than that in the grain obtained in the 7-day treatment. We find 

that the local misorientations are mainly curvilinear structures in the cross section (white 

arrows in Figs. 2.14A and C) and correspond to subgrain boundaries within the newly 

formed calcite crystals. These boundaries do not appear to heal or to disappear with an 

increased alteration time, an indication again of the negligible effect of alteration 

duration on the fabric and internal structure of calcite grains crystallised from Arctica 

islandica shell bio-aragonite. 

To further investigate potential grain growth patterns, we took a statistical 

approach in the analysis of the EBSD measurements shown in Figs. 2.9-2.10 (alterations 

experiments carried out for 7 and 84 days at 175 °C in simulated meteoric and burial 

solution, respectively). Figures 2.14A and B show the statistics of grain area (again, we 

define a grain by a critical misorientation of 5 °) versus mean misorientation within a 

grain. Based on these statistics, we do not see major evidence for a specific calcite grain 

growth phenomenon with an increase in alteration time between 7 and 84 days, with the 

exception of three extremely large grains in the 84-day treatment in burial solution. 

However, we find that experiments conducted with the Mg-containing burial solution 

yield larger calcite crystals (black arrows in Fig. 2.15B) in comparison to the size of the 

grains obtained from experiments carried out with meteoric water (Fig. 2.15A). Grains 

obtained from alteration experiments with meteoric fluid show a significantly higher 

degree of mean misorientation (up to 10 °, black arrows in Fig. 2.15A), compared to the 

grains that grew in burial solution. Large mean misorientations of >4 ° occur notably in 

the grains grown in the 7-day treatment in meteoric solution, while the corresponding 

84-day treatment does not show a significant increase in grain area compared to the 7-

day treatment. 

In summary, the observations do not support scenarios of Ostwald ripening or 

strain-driven anomalous grain growth as the reasons of the large calcite grains. We 

attribute the large calcite grains to the nucleation rate: the crystals growing from each 
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nucleus consumed the aragonite educt (the precursor, original aragonite) until they 

abutted each other. Thus, larger crystals in the experiment with burial solution result 

from a smaller number of calcite nuclei, which may be attributed to the presence of 

aqueous Mg in the experimental fluid. Note here that both the reduction in Mg 

concentration in the reactive fluid, compared to that in the initial burial fluid (see Table 

2.1), and speciation calculations suggest that the formation of Mg-bearing carbonate 

minerals (magnesite and/or dolomite) is likely possible to occur at the experimental 

conditions. Indeed, we observe small patches of newly formed Mg-rich carbonates (Fig. 

2.28). The formation of such minerals occurs at lower rates compared to pure Ca-bearing 

carbonates owing to the slow dehydration of aqueous Mg that is required prior to its 

incorporation in the crystal (e.g., Mavromatis et al., 2013) even at temperature as high as 

200 °C (Saldi et al., 2009, 2012). 

The newly formed calcite contains only small amounts of magnesium (Table 2.3) 

in the order of 0.1 wt% (or 0.006 in the formula unit), while the strontium content of the 

original aragonite in the order of 0.4 wt% is retained in the calcite (0.005 in the formula 

unit). The local formation of Mg-rich carbonates occurs at some places at the rim of the 

sample, where it is in direct contact with the bulk of the experimental fluid (Fig. 2.28B 

and Table 2.3). In these patches, measured Mg contents reach up to 19.7 wt% (0.716 in 

the formula unit, encountered in scan field 3 at the outer rim of the sample). The 

averaged composition in scan fields 4 and 9 in Fig. 2.28B may indicate dolomite, but like 

scan field 3, which has a Mg content exceeding that of dolomite, we more likely have 

magnesite with some calcite present, as judged from the EPMA map (Fig. 2.28B). 

The aragonite by calcite replacement reaction kinetics 

Inorganic experiments on aragonite replacement by calcite at 108 °C under hydrothermal 

conditions were reported by Bischoff and Fyfe (1968) and by Bischoff (1969). These 

authors used fine-grained powders as educts (the precursor, original material) and 

observed a comparatively rapid replacement by calcite which was complete within 48 h, 

depending on the composition of the fluid. For example, larger CO2 partial pressure 

(leading to lower pH, and thus, larger solubility of the carbonates) accelerated, while the 

presence of Mg ions retarded the process. This rapid reaction kinetics as reported by 

Bischoff and Fyfe (1968) and by Bischoff (1969) is inconsistent with our observations. We 

do not see a replacement reaction of the biogenic aragonite by calcite at 100 °C even 

within 28 days. Hydrothermal experiments by Metzger and Barnard (1968) and by 

Perdikouri and co-workers (2011, 2013), however, who used aragonite single crystals in 

their experiments, report reaction kinetics which correspond very well to our 

observations. They do not observe any evidence of the replacement reaction at 160 °C 

even within 1 month but rather a partial replacement of their aragonite crystals by calcite 
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Figure 2.14: Colour-coded visualisation (A, C) and degree of internal misorientation (B, D) within 

two large, millimetre-sized grains which grew in simulated burial solution at 175 °C for 7 (A) and 

84 (C) days. The grain shown in (A) contains some stress-free areas within its centre (indicated by 

blue colours and the white star in A), while internal misorientation in the grain shown in (C) is 

highly increased and occurs everywhere within the grain (D). The yellow star in (C) points to the 

region where, in this grain, stress accumulation is highest.  



Results and discussion 

60 

 

 

Figure 2.15: Grain area versus mean misorientation within individual grains obtained for newly 

formed calcite at alteration of Arctica islandica aragonite in artificial meteoric (A) and in burial (B) 

solutions at 175 °C and for 7 and 84 days, respectively. The Mg-containing (burial) alteration fluid 

induces the formation of large calcite grains that show a low degree of misorientation within the 

grains (B), while with artificial meteoric solution, the solution that is devoid of Mg, significantly 

smaller grains are obtained. However, the latter occur with a high mean misorientation within the 

individual, newly formed grains. 
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within 4 weeks at 180 °C. We observed that the fluids used (artificial meteoric and/or 

burial fluids) cause only a minor difference in replacement reaction kinetics in our 

experiments, with the MgCl2-bearing artificial burial fluid reducing the nucleation rate of 

calcite, thus, leading to the observed significantly larger calcite crystals in the product. 

As compared to the work of Perdikouri et al. (2011, 2013) on aragonite single crystals, 

shell aragonite does not crack during the replacement of the aragonite by calcite. The 

reason for this difference may be ascribed to the porosity of the bio-aragonite, which 

results from the loss of its organic component. As Figures 2.5C-D, the band contrast and 

orientation maps of Figs. 2.6A-C illustrate, the (newly formed) calcite product reveals an 

internal structure which is very reminiscent of the original bio-aragonite–biopolymer 

composite. The structure arises as the solution penetrates along former sites of organic 

matrix (former aragonite grain boundaries), such that the structural features obtained 

after alteration still outline the former aragonite grains. Thus, limited grain sizes of the 

bio-aragonite together with the formerly biopolymer-filled spaces reduce any stresses 

which may be built up by the specific volume change of the CaCO3 during the 

replacement reaction. The replacement process preserves original morphological 

features. Several studies (Putnis and Putnis, 2007; Kasioptas et al., 2008; Xia et al., 2009a; 

Putnis and Austrheim, 2010; Pollok et al., 2011) experimentally investigated mineral 

replacement reactions creating pseudomorphs, even reproducing exquisite structures 

such as the cuttlebone of Sepia officinalis. These studies conclude that the essential factor 

in producing pseudomorphs is the dissolution of the replaced parent material as the 

rate-limiting step once the replacement reaction proceeds, while the precipitation of the 

product phase and the transport of solution to the interface must be comparatively fast. 

The preservation of morphology – even as observed on the nano- to microscale – is 

ensured if nucleation and growth of the product immediately take place at the surface of 

the replaced material when the interfacial fluid film between the dissolving and the 

precipitating phase becomes supersaturated in the product after dissolution of the educt: 

an interface-coupled dissolution-reprecipitation mechanism (Putnis and Putnis, 2007). If 

dissolution of the educt is fast and precipitation of product is slow, more material is 

dissolved than precipitated, and the solutes can be transported elsewhere. Not only 

would this create an increased pore space which potentially collapses under pressure but 

the dissolved material would also eventually precipitate elsewhere with its own 

characteristic (inorganic) morphology rather than reproducing the educt morphology. 

The fact that some aragonite survives in the dense layers of the shell even after 84 days 

also points to a slow dissolution rate of aragonite at least in some parts of the shell. New 

medium-resolution techniques which are capable of mapping the space dependence of 

dissolution rates in situ (Fischer and Lüttge, 2016) may be able to shed some light on the 

different behaviour of different shell parts in the future. 
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A palaeontological perspective of our laboratory-based hydrothermal 

alteration experiments 

The alteration experiments of recent A. islandica under controlled laboratory conditions 

are very important from a palaeontological perspective as they reproduce burial 

diagenetic conditions. The understanding of the diagenetic processes which control 

organism hard tissue preservation taphonomic, palaeoecological, and biostratigraphic 

studies (e.g., Tucker, 1990b). Most organisms have hard tissues composed of calcium 

carbonate, and its metastable form, aragonite, is one of the first bio-minerals produced at 

the Precambrian-Cambrian boundary (Runnegar and Bengtson, 1990), as well as one of 

the most widely used skeleton forming minerals in the Phanerozoic record and today. In 

fact, aragonitic shells/skeletons are produced by hyolithids, cnidarians, algae, and the 

widespread and diversified molluscs. 

Several studies (Cherns and Wright, 2000; Wright et al., 2003; Wright and Cherns, 

2004; James et al., 2005) have underscored that Phanerozoic marine faunas seem to be 

dominated by calcite-shelled taxa, the labile aragonitic or bimineralic groups being lost 

during early diagenesis (in the soft sediment, before lithification), potentially causing a 

serious taphonomic loss. Considering that most molluscs are aragonitic or bimineralic, 

this loss could be particularly detrimental both for palaeoecological and biostratigraphic 

studies. However, it has been shown that the mollusc fossil record is not so biased as 

expected (Harper, 1998; Cherns et al., 2008). This is due to abundant taphonomic 

scenarios such as early lithification/hardgrounds, storm plasters, anoxic bottoms, and 

high sedimentation rates that produce taphonomic windows allowing mollusc 

preservation (James et al. 2005; Cherns et al., 2008) by controlling organic matter content 

and residence time in the taphonomically active zone. Even if the factors that control 

aragonite dissolution are multiple and their interpretation is complex, the laboratory-

based hydrothermal alteration experiments performed here offer very interesting 

insights into the fate of the aragonitic or bimineralic hard tissues that escape early 

dissolution during shallow burial and have the potential to enter the fossil record. In 

particular, the resistance of biogenic aragonite replacement by calcite up to a 

temperature of 175 °C during hydrothermal alteration offers an additional explanation 

for the preservation of aragonitic shells/skeletons once they have escaped early 

dissolution. The results of our experiments neatly explain the observation that the 

mollusc fossil record is good and allows restoration of evolutionary patterns. 
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2.1.6 Conclusions 

1. Aragonite crystallite size, porosity, and pore size varies across the cross section of 

the valve of modern Arctica islandica. While the outer shell layer is highly porous, 

with pore sizes in the range of a few micrometres, and contains mineral units in the 

1-5 µm size range, the inner shell layers are characterised by a dense shell structure 

with small (1 µm) mineral units and a very low porosity. The innermost section of 

the shell is penetrated by elongated pores oriented perpendicular to the inner shell 

surface. At annual growth lines, Sr contents are always high relative to shell 

increment between the growth lines in both pristine and experimentally altered shell 

samples. The chemistry of the alteration fluid and the duration of the alteration 

experiment do not exert a major effect on the concentration of Sr along the growth 

lines. 

2. During hydrothermal alteration at 100 °C for 28 days, most, but not all, of the 

biopolymer matrix is destroyed, while shell aragonite and its microstructure are 

largely preserved. 

3. During hydrothermal alteration at 175 °C for 7 days or more, the biopolymer shell 

fraction is destroyed, such that pathways for fluid penetration are created. At this 

temperature and time, shell aragonite is almost completely replaced by calcite. 

4. When simulated meteoric solution is used for alteration, newly formed calcite 

crystal units reach sizes up to 200 µm, while alteration in simulated burial solution 

induces the formation of calcite crystals that grow up to 1 mm in 7 days. We 

attribute the latter, larger grains to the Mg content of the burial solution, which 

inhibits calcite nucleation. The formation of fewer nuclei leads to the growth of 

larger calcite crystals. 

5. Geochemical results show that calcite nucleates and a replacement reaction proceeds 

where the experimental fluid is in contact with the aragonite: at the two shell 

surfaces, in pores, and at growth lines, which are thin, formerly organic-filled layers. 

6. The replacement reaction of bio-aragonite by calcite does not proceed at 

temperatures much lower than 175 °C. At 175 °C, we observe a dormant time of 

about 4 days during which no XRD-detectable calcite is formed. The replacement 

reaction then proceeds within 2-3 days to almost completion with small amounts of 

aragonite still surviving after 84 days in the dense, proximal layer of the shell. The 

dormant period can be attributed to the low available driving force for calcite 

nucleation, but further studies dedicated to the nucleation process are necessary. 

7. Between two tipping points – one between 50 and 60 °C (Kitano et al., 1962; Taft, 

1967; Ogino et al., 1987; Balthasar and Cusack, 2015) and the other between 160 and 

180 °C (Perdikouri et al., 2011, 2013, this paper) – aragonite appears to precipitate 

from supersaturated aqueous solutions rather than calcite, such that the 
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hydrothermal treatments of aragonite within this temperature bracket do not yield 

calcite. 

8. The tardy kinetics of aragonite replacement by calcite at temperatures lower than 

175 °C contributes to explaining why aragonitic or bimineralic shells and skeletons 

have a good potential of preservation and a complete fossil record. 
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2.1.9  Appendix  

 

Figure 2.16: Morphological characteristics of the shell of the bivalve Arctica islandica. A detailed 

description is given in Schöne (2013). 

 

 

Figure 2.17: Accumulation of pores (whitish circular features) within the outer shell layers (A). 

Yellow stars in (B) point to the location of two nanometre-sized pores. 



Results and discussion 

66 

 

 

 
Figure 2.19: Sr2+, Na+, and Cl− concentrations along annual growth lines in a hydrothermally 

altered shell area of Arctica islandica. The alteration fluid is enriched in NaCl simulating meteoric 

waters. The degree of fluid infiltration into and through the shell is well traceable with Na+ and 

Cl− concentrations. Infiltration occurs, in addition through pores, along growth lines which act as 

conduits for fluid circulation. 

 

Figure 2.18: FE-SEM image of microtome-cut, polished, etched and critical-point-dried surface of 

inorganic aragonite grown from solution. 
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Figure 2.20: Sr2+ concentrations along annual growth lines in pristine (A, B) and hydrothermally 

altered (C, D) Arctica islandica shell areas. White stars in (a) indicate regions of the outer shell 

layer, while yellow stars in (B-D) point to the inner shell parts. Fluids enter the shell at its two 

surfaces (see enrichment in Sr2+ in D) and especially along growth lines. Neither the degree of 

hydrothermal alteration nor the chemistry of the alteration fluid significantly changes the Sr2+ 

contents along the growth lines. Maximal values for both pristine and altered samples range 

between 0.4 and 0.6 wt% Sr. 

 

 
Figure 2.21: Sr2+ concentrations along annual growth lines in hydrothermally altered Arctica 

islandica shell areas. Hydrothermal alteration was conducted at 175 °C in meteoric water for 7 and 

84 days (A–B). Sr2+ concentration scatters for both alteration times around 0.4 wt% Sr2+ and is 

similar to the value measured in the pristine Arctica islandica reference samples (see Figs. 2.20A 

and B). 
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Figure 2.22: Hydrothermally altered Arctica islandica shell areas. Burial fluid was used for 

alteration carried out at 100 °C and for 28 days. (A) As the organic membranes and fibrils (white 

arrow in A) are destroyed by alteration, large gaps appear between and numerous minute holes 

(white arrows in B) within the mineral units. (B) The biogenic aragonite of A. islandica retains its 

nanoparticulate appearance after alteration. 

 

 

Figure 2.23: Pristine (A) and hydrothermally altered (B) shell layer of Arctica islandica. Alteration 

occurred in burial fluid at 175 °C and lasted for 7 days. (A) Network of biopolymer fibrils 

between and within pristine aragonite nanoparticles and mineral units. Organic matter is 

destroyed during alteration and numerous voids (B) become visible within the mineral units. 
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Figure 2.24: EBSD band contrast images taken along a cross section from different parts of the 

shell of pristine Arctica islandica. (A) Outer shell layer, (B) central shell layer, and (C) inner shell 

layer. Well visible is the difference in crystallite size. In contrast to the outer shell layer (A), the 

innermost shell section is highly dense and consists of minute aragonite crystals. Yellow arrows 

in (B) point to annual growth lines. 
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Figure 2.25: Pole figures obtained from EBSD measurements shown in Fig. 2.24. Measurements 

are performed on pristine Arctica islandica. SEM images on the left-hand side indicate the location 

of EBSD maps: (A) outer shell layer, (B) central shell layer, (C) inner shell layer. The pole figures 

and MUD values indicate clearly that aragonite co-orientation increases significantly towards 

innermost shell layers. 
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Figure 2.26: XRD measurements of experimentally altered Arctica islandica samples subjected to 

alteration temperatures between 125 and 175 °C for various lengths of time (1, 2, 3, 4 and 14 days). 

Calcite formation starts at 175 °C and an alteration time of 4 days. Miller indices for calcite (Cc) 

are given in red and those for aragonite in black. 
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Figure 2.27: Representative Rietveld plot for the product of the alteration experiment performed 

at 175 °C for 6 (A) and 84 days (B) in artificial burial solution measured with MoKα1 in 

transmission and with CuKα1 in reflection, respectively. The diffuse amorphous signal peaking 

near 12.5 ° 2θ is due to the Lindemann glass capillary (∅ 0.3 mm) containing the sample. 
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Figure 2.28: BSE image (A) and Mg concentrations (B) of hydrothermally altered Arctica islandica 

shell. Alteration occurred in burial solution at 175 °C for 84 days. The yellow rectangle in (A) 

indicates the shell area which is shown in (B) and scanned with EPMA. White rectangles in (B) 

highlight the extent of shell areas which were used for the determination of mean Mg 

concentrations given in yellow within each rectangle. Note the formation of magnesium-rich 

carbonates (see Table 2.3) along the outer rim of the sample. 
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Table 2.3: Electron microprobe analyses (CAMECA SX100 system and procedures described in 

Goetz et al., 2014) of the original pristine Arctica islandica aragonite and of the treated sample CHA-

M046 AI27 B2 near the outer rim of the specimen. The analysed regions are shown in Fig. 2.28B. 

The [CO3] content is nominal. 

Analysed  

Region 
Mg Ca Mn Na P Sr Fe(II) O C 

Σ Cations 

 (except P  

and C) 

1 wt% 8.91 25.53 0.1 0.06 0.02 0.3 0.15 51.58 13.29  

 Formula 0.3425 0.596 0.0015 0.0025 0.0005 0.003 0.0025 3.018 1.034 0.9480 

2 wt% 8.91 2.53 0.1 0.06 0.02 0.3 0.14 51.33 13.29  

 Formula 0.385 0.584 0.0015 0.002 0.0005 0.003 0.0025 3.007 1.014 0.9780 

3 wt% 19.74 11.08 0.07 0.28 0.05 0.25 0.17 54.46 13.82  

 Formula 0.716 0.2445 0.001 0.011 0.0015 0.0025 0.003 3.007 1.015 0.9775 

4 wt% 14.31 18.62 0.09 0.16 0.04 0.28 0.15 52.84 13.44  

 Formula 0.5305 0.4285 0.0015 0.006 0.001 0.003 0.0025 3.010 1.018 0.9720 

5 wt% 9.46 25.49 0.1 0.06 0.02 0.29 0.16 51.29 13.05  

 Formula 0.365 0.5965 0.002 0.0025 0.0005 0.003 0.0025 3.01 1.019 0.9715 

6 wt% 0.1 38.19 0.11 0.13 0.02 0.43 0.15 48.43 12.36  

 Formula 0.004 0.948 0.002 0.0055 0.0005 0.005 0.0025 3.011 1.022 0.9670 

7 wt% 2.48 31.32 0.1 0.12 0.03 0.36 0.14 51.44 13.94  

 Formula 0.095 0.751 0.0015 0.005 0.001 0.004 0.0025 3.047 1.094 0.8590 

8 wt% 0.15 38.26 0.11 0.12 0.02 0.43 0.15 48.37 12.32  

 Formula 0.006 0.949 0.002 0.005 0.0005 0.005 0.0025 3.010 1.020 0.9695 

9 wt% 14.4 18.03 0.09 0.17 0.03 0.28 0.15 53.15 13.62  

 Formula 0.534 0.411 0.0015 0.0065 0.001 0.003 0.0025 3.013 1.027 0.9585 

Original wt% 0.07 39.24 0.11 0.46 0.02 0.43 0.15 47.44 11.76  

Aragonite Formula 0.003 0.988 0.002 0.02 0.0005 0.005 0.0025 2.989 0.987 1.02 
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2.2.1 Abstract 

Fossil carbonate skeletons of marine organisms are archives for understanding the 

development and evolution of palaeoenvironments. However, the correct assessment of 

past environment dynamics is only possible when pristine skeletons and their biogenic 

characteristics are unequivocally distinguishable from diagenetically altered skeletal 

elements and non-biogenic features. 

In this study, we extend our work on diagenesis of biogenic aragonite (Casella et 

al., 2017) to the investigation of biogenic low-Mg calcite using brachiopod shells. We 

examined and compared microstructural characteristics induced by laboratory-based 

alteration to structural features derived from diagenetic alteration in natural 

environments. We used four screening methods: cathodoluminescence (CL), cryogenic 

and conventional field emission-scanning electron microscopy (FE-SEM), atomic force 

microscopy (AFM) and electron backscatter diffraction (EBSD). We base our assessments 

of diagenetic alteration and overprint on measurements of, a) images of optical overprint 

signals, b) changes in calcite crystal orientation patterns, and c) crystal co-orientation 

statistics.  

According to the screening process, altered and overprinted samples define two 

groups. In Group 1 the entire shell is diagenetically overprinted, whereas in Group 2 the 

shell contains pristine as well as overprinted parts.  In the case of Group 2 shells, 

alteration occurred either along the periphery of the shell including the primary layer or 

at the interior-facing surface of the fibrous/columnar layer. In addition, we observed an 

important mode of the overprinting process, namely the migration of diagenetic fluids 

through the endopunctae corroborated by mineral formation and overprinting in their 

immediate vicinity, while leaving shell parts between endopunctae in pristine condition. 

Luminescence (CL) and microstructural imaging (FE-SEM) screening give first-

order observations of the degree of overprint as they cover macro- to micron scale 

alteration features. For a comprehensive assessment of diagenetic overprint these 

screening methods should be complemented by screening techniques such as EBSD and 

AFM.  They visualise diagenetic changes at submicron and nanoscale levels depicting 

the replacement of pristine nanocomposite mesocrystal biocarbonate (NMB) by 

inorganic rhombohedral calcite (IRC). The integration of screening methods allows for 

the unequivocal identification of highly-detailed alteration features as well as an 

assessment of the degree of diagenetic alteration. 
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2.2.2 Introduction 

Benthic and nektonic marine carbonate archives (e.g., brachiopods, bivalves, 

cephalopods) represent the foundation of studies aiming at reconstructions of past 

climate dynamics and environmental change (e.g., Grossman et al., 1993; Khim et al., 

2000b; Korte et al., 2005). Any assessment of geochemical, isotopic and petrographic 

proxy data from these archives is limited by three major obstacles: (i) metabolic 

processes affecting the transfer of ions from the external fluid media to the site of 

biogenic mineral nucleation and hard tissue formation (Griesshaber et al., 2007a; 

Takayanagi et al., 2013; Yamamoto et al., 2013; Immenhauser et al. 2015); (ii) kinetic 

processes that influence elemental and isotopic fractionation between fluid and 

biomineral (Auclair et al., 2003; Parkinson et al., 2005); and (iii) diagenetic overprint and 

weathering processes which blur or eradicate pristine elemental, isotopic and 

morphostructural signatures (Brand et al, 2011; Swart, 2015).  

The present contribution focuses on the impact of diagenetic and laboratory-

based alteration on brachiopod shell micro- and nanostructures. Brachiopods are 

amongst the most frequently used archive in palaeoecology and palaeoclimatology (e.g., 

Lowenstam, 1961; Veizer et al., 1986; Brand, 1989b; Bates and Brand, 1991; Grossman et 

al., 1991, 1996; Carpenter and Lohmann, 1995; Wenzel and Joachimski, 1996; Wenzel et 

al., 2000; Cusack and Williams, 2001; Samtleben et al., 2001; Pérez-Huerta et al., 2007, 

2011; Angiolini et al., 2009; Garbelli et al., 2012, 2016; Nielsen et al., 2013; Roark et al., 

2015; Smirnova and Zhegallo, 2016). They cover most of the Phanerozoic (Curry and 

Brunton, 2007) and live(d) in a wide range of marine habitats (Richardson, 1997; Logan, 

2007). Particularly important is their rich record in the Palaeozoic, when brachiopods 

dominated benthic communities and reached their maximum diversity (Angiolini, 1993; 

Curry and Brunton, 2007; Williams and Cusack, 2007; Garbelli, 2017), making those 

invaluable tools in reconstructing deep-time seawater conditions.  Previous studies used 

single (Grossman et al., 1991) or multiple (Brand, 2004; Brand et al., 2011) screening tools 

for discriminating between altered and pristine shell material. However, all of these 

approaches have problems (Steuber, 1999; Garbelli et al., 2012; Angiolini et al., 2012; 

Ullmann et al., 2015; Garbelli, 2017) and demonstrate our inability to accurately assess 

the degree of diagenetic alteration of fossil carbonate shells.  

Understanding how diagenetic overprint influences microstructural and 

geochemical archival data is of fundamental importance in palaeoceanography. One 

approach is to establish basic knowledge about microstructural and textural patterns in 

modern brachiopod shells (e.g., Barbin et al., 1991; Schmahl et al., 2004, 2012; Griesshaber 

et al., 2007a, 2007b, 2007c, 2010; Cusack et al., 2008a, 2008b; Goetz et al., 2009, 2011; 

Cusack, 2015; Ye et al., 2018a, 2018b). It is important to note that fibres of the secondary 

layer of modern brachiopods consist of a single calcite crystal (Schmahl et al., 2004; 
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Griesshaber et al., 2007b, 2007c), which contains an occluded intra-crystalline network of 

organic matter (e.g., Nindiyasari et al., 2015). Thus, on fractured or etched surfaces these 

crystals (fibres) consist of crystallographically co-oriented calcite nanogranules (Cusack 

et al., 2008a, 2008b; Schmahl et al., 2012). Nanogranular biogenic calcite, aragonite and 

vaterite microcrystals are widely observed in many animals (e.g., Cuif and Dauphin, 

2005a; Rousseau et al., 2005; Dauphin et al., 2008; Przeniosło et al., 2008; Cuif et al., 

2011a; Griesshaber et al., 2013, 2017). Cölfen and Antonietti (2008; cf. Seto et al., 2012) 

coined the term “mesocrystal” for objects with such a structure. In our paper we adopt 

the term nanocomposite mesocrystal biocarbonate (NMB) without implying that the 

material might or might not form by the accretion of nanoparticles.  

In this study, we assessed the micro- and nanostructural characteristics of 

laboratory-altered and naturally overprinted (fossil) brachiopod shells, and compared 

the altered/overprinted structural features to those present in modern pristine 

analogues. With this approach, we not only document micro- and nanostructural 

differences between pristine and altered/overprinted shells, we document major steps in 

the alteration process and also obtain a quantitative understanding of diagenetic 

alteration based on patterns of mineral orientation distribution and mineral 

misorientation statistics. We further discuss the application of the available screening 

tools on slightly to moderately altered carbonate hard tissue. An issue of major 

importance since recognition of highly altered shells is straightforward, whereas signs of 

moderate to low degrees of overprinting are, generally, difficult to detect and document. 

With this study, we present a process-oriented understanding of diagenetic alteration 

with an updated and integrated screening method required for more refined elemental, 

stable and clumped isotope investigations. 

2.2.3 Materials and methods 

Throughout the manuscript we first describe the reference material, the shells of pristine 

modern brachiopods. The overall aim of our study is to increase our understanding of 

diagenetic overprinting, and thus, describe characteristics of the hard tissue of fossil 

brachiopods which was subjected to different degrees of simulated and natural 

alteration and diagenetic conditions.  

Laboratory-based alteration experiments (thermal and hydrothermal) were 

carried out to simulate diagenetic processes in order to better understand the generation 

of diagenetic micro- and nanostructural features in fossil shells. Thermal alteration was 

performed to investigate the dehydration and decomposition of biopolymers within the 

shells. Hydrothermal alteration was carried out to better understand calcite 
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reorganisation, such as the replacement of pristine nanocomposite mesocrystal 

biocarbonate (NMB) by diagenetic inorganic rhombohedral calcite (IRC). 

Materials 

In this study, we investigated the modern brachiopods Terebratalia transversa (Sowerby, 

1846), Magellania venosa (Solander, 1789), and Liothyrella uva (Broderip, 1833), and fossil 

species of Lobothyris punctata (Sowerby, 1812), Digonella digona (Sowerby, 1815), 

Platystrophia laticostata (James, 1871) and Quadratirhynchia attenuata (Dubar, 1931).  

The shells of the modern brachiopods were used as reference material for pristine 

conditions. All chosen specimens have two-layer shells. They come from different 

habitats which enable us, to some degree, evaluate and assess environment-induced 

microstructural variability (cf. Ye et al., 2018a, 2018b). 

In the case of the fossil samples, we investigated the shells of both, terebratulid 

and rhynchonellid brachiopod shells. They lived in distinctly different habitats, at 

different geologic times and experienced distinct burial conditions and depths. 

Modern specimens of T. transversa, L. uva and M. venosa collected live were used 

for establishing baseline pristine shell micro- and nanostructures, and subsequently to 

document microstructural changes which evolved in the course of the thermal and 

hydrothermal experiments and under natural diagenetic alteration conditions. The 

terebratulid brachiopod T. transversa was collected at Friday Harbor Laboratories, 

University of Washington, U.S.A.. Specimens of the terebratulid brachiopod L. uva were 

obtained from Signy and Rothera Islands, Antarctica. The terebratulid brachiopod M. 

venosa was collected at Huinay Field Station, Puerto Montt, Chile. 

Fossil brachiopods were chosen from basins which experienced different burial 

depths, diagenetic alteration and overprint temperatures. We selected the ancient taxon 

Orthida to represent the ancestral form of the fibrous fabric in brachiopods, two Jurassic 

terebratulid brachiopods to represent the punctate fibrous fabric, a fabric common to 

most modern brachiopod species, and a rhynchonellid brachiopod from the Jurassic with 

an impunctate fibrous fabric.  

The Orthide P. laticostata is from the Upper Ordovician Dillsboro Formation, 

Indiana, U.S.A.. Lobothyris punctata (Terebratulida) is from the Pliensbachian (Jurassic, 

190-182 Ma) Hierlatz-type limestone of the Bakony Mountains in Hungary (Vörös, 1986). 

Quadratirhynchia attenuata (Rhynchonellida) is from the Lower Jurassic (Toarcian, 182–

174 Ma) Ait Athmane Formation of the Central High Atlas Basin, Morocco (Ait Athmane 

section, Fig. 3 in Wilmsen and Neuweiler, 2008). Digonella digona (Terebratulida) is from 

highly bioturbated marlstones (Marnes a Rhynchonelles superieures) of Bathonian age 

(168-166 Ma), that lived at the coastal cliffs at Luc-Sur-Mer, Normandy, France (Brigaud 

et al., 2009, Fig. 2).  
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Sample preparation  

 Biochemical preparation and etching  

To visualise the organic matrix, shell pieces of modern and fossil brachiopod shells were 

mounted with superglue on 3 mm thick cylindrical aluminium rods. Subsequently, the 

samples were cut using a Leica Ultracut ultramicrotome outfitted with glass knives and 

then polished with a DiATOME diamond knife. Surface polishing was stepwise and 

serially removed slices with successively decreasing thicknesses (90 nm, 70 nm, 40 nm, 

20 nm, 10 nm and 5 nm), and each polishing step was repeated fifteen times (Fabritius et 

al., 2005). The polished sample surfaces were etched, while the organic matter was fixed 

in the shells. In this preparation step, shell pieces were immersed for 180 seconds in a 

solution of 0.1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) at pH 6.5 

and 2.5 % glutaraldehyde. Etching was stopped by washing samples three times for 10 

minutes with 100 % isopropyl. Subsequently, specimens were critical point dried in a 

BAL-TEC CPD 030 (Liechtenstein) device, and then rotary coated with 3 nm of platinum. 

High-pressure freezing 

Parts of minute-sized shells (2 to 3 mm in diameter and thickness) of live M. venosa were 

used for cryo-SEM imaging. About 1.5 mm large and 150 to 200 µm thick shell pieces, 

while immersed in seawater, were cut from the valves and subsequently placed with a 

drop of hexadecane into aluminium planchettes with an outer diameter of 3 mm, 200 µm 

deep inner cavity and 2 mm inner diameter. Samples were high-pressure frozen and 

cryo-transferred to a BAF 300 freeze etch and coating device. Hence, the planchette-shell-

lid sandwiches were cleaved open, the high-pressure frozen shell samples were 

fractured, coated, mounted onto a Gatan cryo-holder and cryo-transferred for imaging to 

a Hitachi S5200 FE-SEM. For further experimental details see Yin et al. (2018).   

Preparation for FE-SEM, AFM and EBSD  

For FE-SEM and AFM imaging and EBSD measurements 2-3 mm sized-shell wafers were 

cut from along the longitudinal section from the umbo to the commissure of the shell. 

According to well-established metallurgical procedures (Petzow, 2006), wafers were 

embedded into cold mounting epoxy-based resin and polished in eight sequential 

mechanical steps decreasing in grain size down to 1 μm. The final preparation step 

consisted of etch-polishing with colloidal alumina (particle size ~0.05 μm) in a vibratory 

polisher, where about 10 nm of the sample surface was abraded to remove scratches and 

defects on the surface. Subsequently, the samples were rotary coated with 4-6 nm of 

carbon.  
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Two types of preparations were performed for AFM imaging: in the first, shell pieces 

were glued onto metal cylinders with superglue and highly even shell surfaces were 

obtained by cutting and polishing the samples with glass and diamond knives. In the 

second type of sample preparation for high-quality AFM images, the samples were 

polished following the protocol used for FE-SEM imaging and EBSD measurements, and 

then cleaned with high-purity deionised water in an ultrasonic bath for 10 minutes, 

rinsed with ethanol and dried immediately afterwards. 

Alteration experiments 

We performed two types of alteration experiments: thermal and hydrothermal to 

investigate the decomposition/overprint of the occluded organic matrix as well as that of 

the mineral. For the thermal alteration experiments, pristine brachiopod shells were 

heated under dry conditions at different alteration temperatures (100 °C,  200 °C, 300 °C, 

400 °C) for 24, 48, 72 hours, one, three and four months, respectively. In the present 

contribution we show results of samples heated at 100 °C for 72 hours, and at 400 °C for 

48 hours; heating at low and high temperatures for short durations. Samples heated at 

100 °C for three and four months; heating at low temperature for long durations.  

Hydrothermal alteration experiments were carried out in the presence of two 

different fluids to simulate meteoric and burial diagenetic overprints. Both alteration 

fluids were prepared by dissolving 10 mM NaCl and 100 mM NaCl + 10 mM MgCl2 in 

high-purity deionised water (cf. Casella et al., 2017; Ritter et al., 2017). Sample material 

and 10 mL of fluid were inserted into a polytetrafluoroethylene (PTFE) crucible which 

was placed inside a metal autoclave. These experiments were carried out at 100 °C for 

28 days and at 175 °C for 7 and 28 days. In all experiments, pressure conditions 

corresponded to the vapour pressure of water which develops at the experimental 

temperatures. Bisected valve fragments (1x1 cm) of modern brachiopod specimens were 

placed in a PTFE liner (volume: 68.7 cm3) together with 25 mL of either artificial meteoric 

(10 mM NaCl aqueous solution) or burial (100 mM NaCl + 10 mM MgCl2 aqueous 

solution) fluid. Each PTFE liner was placed into a stainless steel autoclave, sealed and 

heated to the desired temperature.  

Analytical methods 

Cathodoluminescence and atomic force microscopy 

Cathodoluminescence (CL) microscopy was performed on modern and fossil shell 

samples to characterise different CL features of pristine conditions as well as different 

degrees of diagenetic overprint. For this purpose, a HC1-LM hot cathode 
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cathodoluminescence microscope, developed at Ruhr-University Bochum, was used 

(Neuser et al., 1995). Acceleration of the electron beam was 14 keV with a beam current 

of 0.2 mA. We distinguish between specific luminescence properties in the shells. The 

terminology used in this study is “non-luminescent/intrinsic”, “patchy luminescent” and 

“bright luminescent”. The observed luminescence colours of the biogenic calcite are 

classified as blue, magenta-red and orange-brown.  

Atomic force microscopy (AFM) was conducted on modern, hydrothermally 

altered and fossil shells. Images were taken in contact mode with a JPK NanoWizard II 

AFM equipped with an n+-silicon cantilever. 

FE-SEM and cryo-FE-SEM imaging and EBSD analysis 

FE-SEM imaging was performed at 4, 5 and 10 kV using a Hitachi S5200 electron 

microscope. Cryo-SEM imaging was performed on a Hitachi S5200 FE-SEM, with 

samples being investigated at temperatures of −100 °C and an accelerating voltage of 

10 kV. Imaging was performed using scattered (SE) and backscattered (BSE) electron 

modes. 

Electron backscatter diffraction (EBSD) measurements were carried out on a 

Hitachi SU5000 FE-SEM operated at 20 kV, equipped with a Nordlys II EBSD detector, 

and with AZTec acquisition and AZTec and CHANNEL 5 HKL evaluation software 

(Schmidt and Olesen, 1989; Randle and Engler, 2000). Crystal orientation information is 

presented with band contrast measurements, with colour-coded crystal orientation maps 

and corresponding pole figures. EBSD band contrast represents the pattern quality of the 

EBSD Kikuchi diffraction pattern of each measurement point. Thus, a strong EBSD signal 

yields a bright image point when a crystal is detected. A weak or absent signal results in 

a dark point, for example, from overlapping crystal boundaries, pores, organic material 

or amorphous calcium carbonate (ACC).  

Crystallographic orientation patterns were derived from EBSD scans and 

corresponding pole figures. Contoured versions of the pole figures show the strength of 

the clustering of the poles. We used in this study the lowest possible degree for half 

width of five degrees and for cluster size of three degrees. The half width controls the 

extent of the spread of the poles over the surface of the projection sphere. A cluster 

comprises data with the same orientation. A measure of calcite crystal co-orientation 

strength for an EBSD map is obtained from the multiple of uniform distribution density 

(MUD) value. High MUD values indicate high crystallographic axes co-orientation, 

where single inorganic carbonate crystals have MUD values greater than 700 

(Nindiyasari et al., 2015), whereas low MUD values reflect low crystal co-orientation, 

and a MUD value of 1 represents random crystallographic orientation of the scanned 

calcite crystals in the shell. 
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2.2.4 Results 

Calcite crystal organisation in modern, fossil and altered brachiopod 

shells 

Modern brachiopod shells 

The shell of modern T. transversa is a structural material with hierarchical architecture 

where component assembly encompasses nanometre to millimetre levels. Nanoscopic 

bio-calcite entities comprise distinctly-shaped basic mineral units, the biocrystals. An 

assembly of these biocrystals constitutes the two layers of the shell, the primary and the 

secondary shell layers (Figs. 2.29, 2.30, 2.42 and 2.43 in chapter 2.2.9; see also Figure 2.51 

in chapter 2.3). 

The primary layer (Figs. 2.29B and 2.42A) consists of an array of interdigitating, 

irregularly-shaped micrometre-sized calcite biocrystals. In cross-section, these units are 

elongated with lengths of 2-6 μm and widths of 0.5-1.5 μm. The morphology of these 

units shows concave recesses analogous to those noted in dendritic crystals. As adjacent 

mineral units grow into the recess zones of abutting crystals, a dense and fracture-

resistant microstructure forms consisting of interlocking crystals. Biopolymers are not 

intercalated in the primary layer (Fig. 2.42A), however, they are abundant in the 

secondary shell layer. An organic membrane separates the primary layer from the array 

of fibres forming the secondary layer (Fig. 2.42A), and biopolymer membrane forms 

sheaths around each calcite fibre (Figs. 2.29B-C and 2.42A-B; Casella et al., 2018b).  

Stacks of calcite fibres form the secondary layer of the shell of T. transversa. Figure 

2.29A shows an electron backscatter diffraction (EBSD) scan of a cross-section through a 

stack of fibres, where biocrystal (basic mineral unit) orientation is colour-coded. Since 

individual fibres have uniform colours, this indicates that the crystal lattice within the 

fibres has uniform orientation. However, high magnification images obtained by 

conventional and cryo-FE-SEM (Figs. 2.29B-D and 2.30) and AFM images of cross-

sections of pristine T. transversa fibres (Fig. 2.43) clearly show that nanoscopic bio-calcite 

entities constitute the fibres and reveal their mesocrystal architecture. Nanoparticulate 

calcite crystals are usually a few tens of nanometres in size (Figs. 2.29D and 2.43), and 

are arranged in layers within the fibres and induce their conchoidal mode of fracturing 

on them (Figs. 2.30A and C; Casella et al., 2018b).  

In contrast, Fig. 2.44 shows the classical rhombohedral morphology of inorganic 

calcite grown from solution and illustrates the immense distinction in nanostructure 

between biologically-formed nanocomposite mesocrystal biocarbonate (NMB) calcite 

and diagenetically-precipitated inorganic rhombohedral calcite (IRC). Nonetheless, the 
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rhombohedral symmetry of the atomistic crystal structure of calcite is often also 

apparent in the biological material (Fig. 2.29C). However, at the nanoscale, the pattern of 

calcite organisation in the pristine biological hard tissue is clearly distinct from that of 

calcite grown from diagenetic solution (compare Figs. 2.29C-D and 2.44). 

 

 

 

Figure 2.29; Electron backscatter diffraction 

(EBSD) scan (A) and FE-SEM images (B to D) 

of cross-sectioned fibres of modern T. 

transversa. (A) EBSD map of a cross section 

through a stack of brachiopod fibres 

showing the mineral units and biocrystals in 

the fibrous layer of brachiopod shells. Calcite 

orientation variation is colour-coded. Note 

that individual fibres are mostly single 

crystals in the sense that the crystallographic 

orientation of the calcite in the fibre is 

uniform. (B) Cross section through a calcite 

fibre crystal (nanocomposite mesocrystal 

biocarbonate, NMB), (C) close-up view 

showing the nanoscale entities within each 

NMB. Organic membrane (white stars in B 

and C) surrounding each calcite fibre is 

clearly visible and delicate membrane 

separates the nanoscale entities (white 

arrows in B to D) of the NMB fibres. Yellow 

star in (B) marks the primary shell layer, 

whereas yellow stars in (C) point to 

rhombohedrally-shaped nanoscale entities 

on an etched surface of a NMB. 
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Figure 2.30: FE-SEM (A, B) and cryo-FE-SEM (C, D) images taken on fracture surfaces of the 

secondary shell layer of the modern brachiopods T. transversa (A, B) and M. venosa (C, D). As the 

shells are only fractured and not polished, artefacts due to surface preparation such as chemical 

etching are not induced. The conchoidal fracture behaviour of brachiopod calcite (white arrows in 

A, B) of the bio-calcite as well as the nanogranular appearance of the calcite within fibre crystals 

(white arrows in C, D) can be clearly observed. The size of calcite particles is less than 50 nm (B). 

Preservation status of fossil brachiopod shells  

Figures 2.31 and 2.32 show fibre morphology and nanoscale calcite crystal organisation 

in fossil brachiopod shells which were subjected to different degrees of diagenetic 

overprint. In Jurassic L. punctata (Fig. 2.31A-B) the primary layer is still discernible from 

the distinctly secondary layer. The morphology of the fibres (in cross-section) is well-

preserved and resembles that of pristine fibres (cf. Ye et al., 2018a). Cavities developed in 

between fibres previously filled by organic mebrane (Fig. 2.31B).  In the shell of the 

Jurassic brachiopod D. digona (Figs. 2.31C-D) the primary layer is indistinguishable from 

the secondary layer. Smooth sample surfaces were difficult to obtain, because when 

sectioned with a microtome knife, the altered shell material with loss of all organic 

matter became brittle (Figs. 2.31C-D). The shell of D. digona has a dense array of 

endopunctae which were filled with organic tissue in the live animal and which are now 

filled with inorganic crystallised calcite (Fig. 2.31C). Figures 2.31E and F show arrays of 



Results and discussion 

86 

 

diagonally cut fibres in the Ordovician brachiopod P. laticostata. Its fibre morphology is 

highly distorted; compare images of Figs. 2.31A and E. The organic membrane normally 

observed between fibres is absent, and neighbouring fibre surfaces are in contact (Fig. 

2.31F). Cavities which may develop due to decomposition of the organic membrane were 

not observed in the fossil P. laticostata shell. Instead, neighbouring fibres amalgamated 

by recrystallisation of the NMB and formed new irregularly-shaped crystalline calcite 

units (Fig. 2.31E).  

As a characteristic example, we highlight the shell of the fossil brachiopod Q. 

attenuata and its overall changes in fibre morphology and internal nanoscale structures 

(Fig. 2.32; Fig. 2.52 in chapter 2.3). When sectioned with a microtome knife, some of the 

fibres shattered, and clean microtome cuts are rarely possible through stacks of fossil 

fibres. The EBSD scan performed on a cross-sectioned stack of fibres of the fossil Q. 

attenuata (Fig. 2.32A) shows uniform colour for individual fibres indicating single 

crystallinity of each fibre. In this fossil sample the outline of the fibres is well-preserved 

(e.g., Fig. 2.52 in chapter 2.3). However, the organic membrane between fibres is absent 

(Fig. 2.32C) but, more importantly, the original nanogranular mosaic structure within the 

NMB calcite was replaced. Indeed, inorganic calcite crystals with rhombohedral 

morphology (IRC) make-up the fibres of the diagenetically impacted fossil shell (Fig. 

2.32C). Thus, even though the original arrangement and outer micromorphology of the 

fibres are maintained, the significant change of the nanoscopic bio-calcite morphology 

within the biocrystals indicates that the biogenically formed NMB was 

recrystallised/replaced, and now appears as diagenetic IRC. In addition, new diagenetic 

calcite formed between adjacent fibres at the site of the former organic membrane (Fig. 

2.32C). 

Thermally altered modern brachiopod shells 

To investigate the decomposition of organic material within shells, we thermally altered 

shells of some modern brachiopods. Modern L. uva shells were heated in a dry 

environment at 100 °C for 72 hours, for three and for four months, and at 400 °C for 

48 hours (Figs. 2.33 and 2.45). Thermal treatment at 100 °C for 72 hours did not induce 

any marked microstructural change to the calcite fibres. Indeed, the organic membrane 

between the fibres is still preserved (Fig. 2.33A), however, thinned significantly by 

dehydration (Fig. 2.33B) and starting to detach from the mineral fibres (Fig. 2.33A). In 

contrast, thermal treatment at 100 °C for three months destroyed all organic matter 

within the shells (Figs. 2.33C-D). In addition, new massive calcite formation took place 

(Fig. 2.33C) with mineral units of primary and secondary shell layers growing together 

forming a new entity. 
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Figure 2.31: FE-SEM images showing microstructural characteristics of fossil brachiopod shells 

subjected to different degrees of diagenetic alteration. In L. punctata (A) the shell layers (primary 

and secondary) are well discernible and fibre morphology is regular (B). Cavities are present 

between neighbouring fibres (white star in B) at the sites of former organic membranes. The 

primary and the fibrous shell layers cannot be distinguished from each other (C, D). 

Endopunctae are filled with newly formed calcite (white star in C). As organic membranes 

decomposed cavities occur between fibres (D). Shell ultrastructure in P. laticostata is highly 

distorted (E), and cavities form after organic membrane decomposition (F) but with advanced 

alteration neighbouring fibres amalgamate (white stars in E; white arrows in C, D, F). 
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Figure 2.32: Electron backscatter diffraction (EBSD) map (A) and FE-SEM images (B, C) of cross-

sections of fibres in the fossil brachiopod Q. attenuata. The EBSD scan is colour-coded for 

crystallographic lattice orientation; the white arrow points to a fibre with well-preserved 

morphology, whereas white stars point to fibres with poorly preserved shell morphology. (A). 

The white dashed rectangle in (B) indicates the position of the SEM image in (C). Organic 

membrane between fibres is absent (yellow arrows in C). New calcite formation occurs when 

neighbouring fibres grow together and form a new unit (yellow star in C). In the fossil shell 

calcite, some fibres are well-preserved but diagenetic crystallites are present - inorganic 

rhombohedral calcite (IRC; white arrows in C). 
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Thermal alteration at 400 °C for 48 hours destroyed most of the occluded biopolymers 

within the shells (Fig. 2.45). Large cavities were left behind at the location of organic 

membranes between neighbouring fibres. On rare occasion, highly-thinned membrane 

remnants can be still observed between adjacent fibres (Fig. 2.45D). The main effect of 

this alteration process was that biopolymers within the shell were degraded, the calcite 

of the fibres was highly porous, and the shell became highly brittle. New calcite 

formation started as adjacent fibres amalgamated, showing signs of pitting of fibres and 

change in their original microstructure.  

Hydrothermally altered modern brachiopod shells: the effect of artificial meteoric fluid 

Hydrothermal treatment at 100 °C for 28 days (Figs. 2. 34A-B), at 175 °C for 14 days 

(Figs. 2.34C-D, 2.35 and 2.46) and for 28 days was carried out in a solution of artificial 

meteoric fluid. At these alteration conditions, overall calcite fibre morphology and fibre 

stack arrangement were retained in all test specimens. The calcite was slightly etched at 

the fibre rims (Figs. 2.43A-B) and all organic material was destroyed within the shells 

(Figs. 2.34C-D and 2.35). The extracellular membrane vanished (Fig. 2.35) as well as the 

network of biopolymer fibrils normally occluded within the fibres of the pristine shell 

(Fig. 2.35). NMB calcite can be still observed in experiments using artificial meteoric fluid 

at temperatures of 175 °C after 14 days, and new calcite formation is minimal. However, 

IRC calcite formation was observed at alteration temperatures of 175 °C and alteration 

times of 28 days (Figs. 2.47 and 2.48). Under these conditions, we observed significant 

degradation of organic matter, amalgamation of fibres and more importantly, 

restructuring of the biogenic calcite at both, the nano- and microscale levels. 

Furthermore, degradation of the original biologic microstructural features within the 

shell was not uniform, and amalgamation of fibres was more extensive in some places 

than in others (Figs. 2.47 and 2.48). 

Hydrothermally altered modern brachiopod shells: the effect of artificial burial fluid 

Hydrothermal alteration at 100 °C and at 175 °C carried out in burial solution for 28 days 

(Fig. 2.36) greatly affects and changes the morphology of fibres, destroys all organics in 

and between the fibres, and induces the formation of large cavities within shell calcite. 

At 100 °C and 28 days of alteration, the microstructure of the primary and the fibrous 

shell layer mineral units and fibres is greatly disrupted by the hydrothermal treatment 

(Figs. 2.36A-B). Extensive dissolution as well as amalgamation is noticeable of the 

secondary layer fibres. At higher temperatures, the hydrothermal alteration experiment 

produced an even greater disruption, alteration and dissolution of brachiopod calcite 

fibres (Figs. 2.36C-D). In some places, alteration of the original microstructure was quite 

extensive with dissolution producing sharp zigzag-edged fibres (Fig. 2.36D). 
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Figure 2.33: FE-SEM images of thermally altered modern L. uva shells at 100 °C. Thermal 

treatment at 100 °C for 72 hours dehydrates organic components but does not destroy them 

(white star in A and B). A thin biopolymer ribbon remains between neighbouring fibres. 

However, as the organic membranes shrink they become detached from the calcite of the fibres 

(white arrows in A). Thermal treatment at 100 °C for 3 months causes the disintegration of 

biopolymers (C, D), amalgamation of fibres, and new, inorganic calcite unit formation (white star 

and dashed line in C). 
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Figure 2.34: FE-SEM images showing hydrothermally altered modern T. transversa shells. 

Hydrothermal treatment occurred in a fluid simulating meteoric fluid (10 mM NaCl aqueous 

solution) at 100 °C for 28 days (A, B) and at 175 °C for 14 days (C, D), respectively. The well-

preserved morphology of the fibres can be observed, as well as the well-kept stacks of fibres and 

the cavities between fibres which were filled in the pristine shell with organic membranes. 

Hydrothermal treatment, even at 100 °C, destroyed all biopolymers that were occluded within the 

shell. The white dashed rectangle in (D) indicates the position in the sample of SEM image (C). 

Slight amalgamation of fibres was observed in the specimen hydrothermally altered at 175 °C 

(white star in D). 
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Figure 2.35: FE-SEM image of a hydrothermally treated shell part of modern T. transversa. 

Hydrothermal alteration occurred at 175 °C for 14 days in artificial meteoric fluid. At this stage of 

alteration all organics are destroyed (white star), however, new calcite formation has not yet 

taken place. The white star points to the location of an organic membrane which encased fibrous 

calcite in the pristine shell. White arrows point to minute holes within the calcite of the fibre 

which become visible after decomposition of the network of organic fibrils. 
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Figure 2.36: FE-SEM images show the effect of simulated burial fluid (100 mM NaCl + 10 mM 

MgCl2 aqueous solution) on brachiopod shells during hydrothermal treatment (modern T. 

transversa). Alteration lasted 28 days at 100 °C (A, B) and 175 °C (C, D), respectively. Fibre 

morphology is severely distorted, and all occluded biopolymer membranes and network of fibrils 

are decomposed. 

Cathodoluminescence evaluation 

Cathodoluminescence (CL) has been used by researchers since the 1980’s to characterise 

the preservation status of fossil brachiopod shell calcite (e.g., Popp et al., 1986; Rush and 

Chafetz, 1990; Grossman et al., 1996; Angiolini et al., 2012), and to distinguish whole 

rock chemistries (e.g., Brand, 1989b). Its use continues unabated in differentiating 

between preserved and altered carbonates. However, with the acquisition of high-

definition trace elements, stable, radiogenic and clumped isotopes to characterise 

environmental effects, we require screening tools with enhanced resolution power in 

identifying the preservation status not only of shells, but of individual fibres and 

columns at the micro- and nanostructural levels. 

Modern brachiopod shells, collected alive, luminesced dark blue for the shell and 

light blue in the punctae (intrinsic luminescence; Fig. 2.37A), which was termed 

‘background blue’, indicative of an absence of quenchers (e.g., Fe) and activators (e.g., 



Results and discussion 

94 

 

Mn; Amieux et al., 1989). Indeed, T. transversa from Friday Harbor contains about 27 and 

26 µg/g Mn and Fe, respectively, and these contents are well below their activation and 

quenching potentials (Machel et al., 1991; Brand et al., 2003). As manganese was not 

added to the alteration solutions, the source of Mn is the modern brachiopod shells 

themselves. EPMA results give 0.2 wt% Mn for the pristine and 0.15 wt% Mn for the 

hydrothermally altered T. transversa shells. 

The luminescence colour of the hydrothermally altered T. transversa shell is blue 

for the primary layer and the exterior part of the fibrous shell layer (Fig. 2.37B), while at 

the interior shell part (Fig. 2.37B) the blue luminescence is intercalated by thin orange-

brown lines. Other than that there is little difference in luminescence between pristine 

and hydrothermally altered shells. 

The fossil brachiopod shells (Figs. 2.37C-E) reveal decidedly different 

luminescence and luminescence distribution patterns. For all three fossil samples, we 

observed bright yellow to orange-brown luminescence for the primary layer and at the 

innermost shell part adjacent to the brightly luminescent whole rock cement (Figs. 2.37C-

E). Luminescence for the shell of D. digona ranges from dark blue to orange-brown. The 

endopunctae and primary shell layer parts are always orange-brown (Fig. 2.37C), 

whereas the shell between the endopunctae exhibits dark blue luminescence (Fig. 2.37C). 

Similar observations were made in the CL pattern of L. punctata (Fig. 2.37D). The shell 

exhibits luminescence colours which vary from dark blue and near non-luminescent 

(intrinsic luminescence) to patchy luminescent (intrinsic with orange patches) for 

primary shell layer parts, and faint orange luminescence in the endopunctae (Fig. 2.37D). 

The primary shell layer in P. laticostata (Fig. 2.37E) is characterised by bright orange 

luminescence similar to that of the cement. Otherwise the fossil brachiopod P. laticostata 

shows dark blue and non-luminescent regions (upper Fig. 2.37E) concomitant with shell 

parts which are dark blue and intercalated with patchy orange luminescence (lower Fig. 

2.37E).  

Patterns of calcite crystal organisation in modern, fossil and altered 

brachiopod shells 

Crystal orientation data are presented in colour-coded electron backscatter diffraction 

(EBSD) maps, and corresponding pole figures show orientation statistics of 

crystallographic c-axes ({00.1} poles) and a*-axes ({10.0} poles) either as data points or as 

pole density distributions. Shell microstructure is visualised with grey scale EBSD band-

contrast measurement images, a contrast which gives the signal strength for each 

measurement point. Thus, when a mineral is hit by the electron beam, a strong 

diffraction signal is obtained, while, when polymers or nanometre-sized crystallites are 
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encountered, which are too small to be differentiated from each other by the electron 

beam, the diffraction signal is either absent or too weak to be interpretable. The strength 

of crystallographic axes co-orientation within biocrystals (fibres or basic mineral units of 

the primary layer) and within inorganic polycrystalline assemblies (e.g., secondary 

calcite, cement) is expressed by the multiple of uniform distribution (MUD) value. High 

MUD values indicate high crystallographic axes co-orientation as is the case in inorganic 

single crystals, whereas low MUD values reflect low crystallographic axes co-orientation 

down to an MUD value of 1, indicating random crystallographic orientation of crystals 

in the chosen EBSD scan field.  

Calcite crystal orientation patterns in pristine, hydrothermally altered modern and in 

fossil brachiopod shells are presented in Figs. 2.38-2.39 and Figs. 2.47-2.49.  

 

 

Figure 2.37: Cathodoluminescence images of modern, altered and fossil brachiopod shells (A: 

modern T. transversa, B: altered T. transversa, C, D, E: the fossil brachiopods D. digona, L. punctata, 

P. laticostata, respectively. The dark blue (A) and light blue, slightly orange luminescence colours 

(B) confirm the pristine state (A) of the modern shell and its very slight overprint (B) after 

treatment. Yellow to orange luminescence colours indicate a significant overprint, e.g., as it is the 

case for Ordovician P. laticostata (white arrows in C and E, yellow star in E). The orange 

luminescence in Jurassic D. digona from Normandy indicates the diagenetic calcite filling in the 

endopunctae (white arrow in C), however, the dark colours between the endopunctae indicate 

well-preserved shell parts (yellow arrow in C). Yellow star in (E) marks a shell part with orange 

luminescence, thus, a highly overprinted shell part. Patchy blue luminescence was observed 

within the same, severely overprinted shell part (white star in E).  
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Figure 2.38: EBSD band contrast measurement images of modern (A), altered (B) and fossil (C, D) 

brachiopod shells. A, B: T. transversa; C: P. laticostata, D: D. digona. The characteristic cross section 

of transversely cut fibres which form well-organised stacks can be observed in the pristine shell 

(A). In the hydrothermally altered shell (B) stacks of longitudinally and transversely cut fibres can 

also still be observed, however, fibre morphology is distorted (yellow arrows in B) and 

neighbouring fibres fuse as these grow into each other. Within the same shell some stacks of 

fibres may keep their original morphology (e.g., shell part within the dashed white rectangle in 

B), even though their neighbouring fibres are fused (white arrow in the white dashed rectangle in 

B). C: Individual fibres in the highly overprinted shell of P. laticostata are not discernible any 

more. When in contact with the cement, the fibres fuse completely with the calcite of the cement 

(yellow star in C) and new, single-crystalline calcite units develop. D: Shell part of overprinted D. 

digona. Even though the fibrous fabric is discernible, the shell experienced some overprint: 

neighbouring fibres fuse (white arrows in D), empty endopunctae (yellow star in D) get filled 

with newly formed calcite (yellow arrows in D) which might spread from the endopunctae to 

empty space between two neighbouring fibres (dashed white arrows in D). White star in (D) 

points to remnants of the primary layer. 

The EBSD band contrast measurement image shown in Fig. 2.38A highlights the 

characteristic shape of diagonally sectioned fibres and their stack arrangement (cf. Ye et 

al., 2018a, 2018b). In contrast, EBSD band contrast measurement image of Fig. 2.38B 

visualises the microstructure of hydrothermally altered shell parts of the formerly 

pristine brachiopod T. transversa. After alteration at 175 °C for 28 days in a Mg-rich 

solution we observe a significant change in microstructure. Even though the ‘stacked 

fibre’ appearance is still retained after the alteration process, some stacks of fibres have 
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undergone variable degrees of amalgamation, distortion and lateral elongation (Figs. 

2.38B, 2.47 and 2.48), while in some other areas stacks of fibres retained their original 

(pristine) morphology and configurations. It is exceptional that on distances as short as 

two to three hundred micrometres shell parts with pristinely-shaped fibres can be 

observed next to stacks of fibres which show a distorted-shaped microstructure and new 

calcite formation. The pristinely shaped fibres subjected to hydrothermal conditions are 

indistinguishable from those not subjected to any alteration processes. At present, we are 

unable to say what exactly controls the distribution of pristine and altered fibres within 

the same shell specimen. Suffice to say that differential diagenetic alteration is a definite 

possibility for fossil material that could greatly complicate trace chemistry contents, as 

well as stable and clumped isotope compositions.  

EBSD band contrast measurement images of Figs. 2.38C and D visualise the 

microstructure of two fossil brachiopod shells, P. laticostata (Fig. 2.38C) and D. digona 

(Fig. 2.38D). In P. laticostata the fibres are fused and highly distorted, whereas in D. 

digona longitudinally cut stacks of fibres are still discernible and may be interpreted to 

have escaped diagenetic overprinting or alteration. However, some signs of overprint 

such as amalgamated fibres are observed in the shell of D. digona (Fig. 2.38D), 

endopunctae filled with secondary calcite (Fig. 2.38D), and recrystallisation which 

extends from the endopunctae into the fibres (Figs. 2.38D and 2.49A).  

In contrast to the selective alteration observed in D. digona, the fibres within P. 

laticostata experienced extreme alteration with extensive fibre distortion and 

amalgamation. When in contact with the whole rock cement, the fibres fuse completely 

with the calcite of the cement (Fig. 2.38C). 

Colour-coded EBSD maps and corresponding pole figures document calcite 

crystal orientation patterns in pristine, hydrothermally altered modern, and in fossil 

brachiopod shells (Fig. 2.39). Grey-scaled band contrast and colour-coded orientation 

measurement images are superimposed in order to highlight both: the microstructure of 

the skeleton as well as the orientation pattern of the calcite. A measure of co-orientation 

within crystals is given by the multiple of uniform distribution (MUD) values; a MUD of 

1 indicates a random crystallographic orientation, whereas MUD values of 700 and 

higher indicate perfect or near-perfect co-orientation in 3-D of crystallographic axes. 

These are observed for the reference calcite crystal grown from solution or the 

recrystallised calcite crystals of the cement (Figs. 2.59 and 2.60 in chapter 2.3). In a 

polycrystalline assemblage with only axial (one-dimensional) preferred orientation such 

as calcite which grows under biologic control as is the case for the pristine shell of T. 

transversa we resolve a MUD value of 62 (Fig. 2.39A). MUD values of the hydrothermally 

altered T. transversa and of the fossil brachiopod shells Jurassic L. punctata, Jurassic D. 

digona and Ordovician P. laticostata are 50 (Fig. 2.39B) and 52, 41 and 16, respectively 

(Figs. 2.39C-E). The latter MUD values indicate that, in comparison to the pristine shell, 
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the pattern of original bio-controlled calcite crystal co-orientation is disturbed in the 

altered and in the fossil shells, as the pattern of crystal orientation becomes more 

random. 

The scan field of the EBSD measurement of D. digona was subdivided into 

different subsets and subsequently determined their MUD values (Fig. 2.39D). The 

endopunctae of this brachiopod shell were filled with secondary calcite crystals during 

diagenesis. These are large compared to the cross-sectional diameter of the fibres. For 

these parts of the fossil shell MUD values of 58 and 62, respectively, are reached (Fig. 

2.39D). The high MUD values are due to the large secondary calcite crystals, which each 

give strong peaks in the orientational distribution of the mapped area. Thus, higher 

MUD values are the result. In D. digona the fibrous shell part between the endopunctae 

has a MUD value of 50 (Fig. 2.39D), an indication that calcite co-orientation in this part of 

the shell is only slightly disturbed. The slight disturbance can be attributed to newly 

formed calcite which grew from the endopunctae into adjacent shell parts (Fig. 49). If the 

secondary precipitated calcite that extends from the endopunctae into adjacent shell 

parts is taken out of the EBSD data, a MUD value of 60 is obtained (Fig. 2.49B) indicating 

almost negligible overprint of that particular shell area. The entire EBSD measurement 

for the whole shell of D. digona has a MUD value of 41 (Fig. 2.39D). This MUD 

measurement includes well-preserved fibrous shell parts, recrystallised calcite of the 

primary shell layer as well as secondary calcite within the endopunctae and adjacent 

shell regions.  

The lowest MUD value of 16 was obtained for the highly overprinted shell of the 

fossil brachiopod P. laticostata (Fig. 2.39F). In this instance, fibre morphology and their 

arrangement in parallel stacks was entirely reset by newly formed, more randomly 

oriented, inorganic calcite formed during post-depositional diagenesis. 

2.2.5 Discussion 

Biogenic carbonate archives are fundamental for studies of past climate dynamics and 

environmental change. The greatest challenge that all archives face is their capacity to 

retain original signatures, such as chemical (Brand et al., 2011) or microstructural 

(Casella et al., 2017). Alteration of the pristine archival material starts with the death of 

the organism. The immediate decay of  the organic matter (biopolymers) is accompanied 

by the concomitant precipitation of inorganic mineral within and at the two surfaces of 

the shell (e.g., Patterson and Walter, 1994; Ku et al., 1999; Brand, 2004; Zazzo et al., 2004; 

Casella et al., 2017). As alteration progresses further, pristine biogenic signals are  
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Figure 2.39: EBSD crystallographic orientation results shown as coloured EBSD maps with 

corresponding pole figures for modern and altered T. transversa (A, B) and the fossil brachiopods 

L. punctata (C), D. digona (D) and P. laticostata (E). Calcite co-orientation strength is given with 

MUD values (multiples or uniform random distribution) which are given at each EBSD map and 

corresponding pole figure. The measurement on the pristine shell has an MUD value of 62 due to 

axial-preferred crystallographic orientation induced by the biologically induced growth 

mechanism. The measurement on the highly overprinted shell has a MUD value of only 16, 

demonstrating the more randomly oriented nucleation of recrystallised calcite during diagenesis. 

Hydrothermal alteration at 175 °C (B) lowers the degree of calcite crystallographic preferred 

orientation in the overprinted shells, however, only slightly with a MUD value of 50. Note the 
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crystallographic amalgamation of adjacent calcite fibres in (B). The shell part of the fossil 

brachiopod L. punctata (C) is little affected by diagenetic overprint; fibre morphology is 

maintained with a MUD value of 52. Panel D shows the EBSD measurement on the fossil 

brachiopod D. digona (red dashed line in D). The entire measurement (the shell together with 

secondary calcite crystals in the endopunctae) has a MUD value of 41. As the secondary calcite 

crystals in the endopunctae are comparatively large single crystals (white dashed line in D), the 

MUD values for the measurements in the endopunctae are high with MUD values of 62 and 58, 

respectively, in comparison to the MUD value of the entire shell material. Calcite crystallographic 

preferred orientation in shell parts between the endopunctae has a MUD value of 50 (yellow 

dashed line in D), thus, overprint of these shell areas is moderate. Note that the secondary 

crystals filling the endopunctae share crystallographic orientation with calcite fibres in the shell. 

replaced to various degrees by diagenetic chemistries (e.g., Brand and Veizer, 1980, 

1981), and new microstructural characteristics (e.g., Casella et al., 2017). 

Our alteration experiments were performed for 28 days. However, despite this 

relatively short time, we were able to trace and pinpoint the first major steps which 

occur with alteration. In addition, we found microstructural features which were 

observed in both, brachiopod shells overprinted by thermal/hydrothermal alteration as 

well as in brachiopod shells that were overprinted by natural diagenetic processes. 

Accordingly, we discuss subsequently micro- and nanostructural changes that 

developed in the course of laboratory-based hydrothermal alteration and conclude the 

discussion with structural features which were observed in the fossil shells. The 

comparison between modern and fossil brachiopod shells is feasible due to the similarity 

in shell microstructure between the two groups. 

Pristine versus altered brachiopod shell micro- and nanostructures  

At Earth surface conditions, calcite is the thermodynamically most stable calcium 

carbonate phase, and driving forces are not high for recrystallising biogenic low-Mg 

calcite. In contrast to inorganic carbonate, the composite nature and hierarchical 

organisation of biogenic carbonate provide both, surface-energy as well as strain-related 

driving forces for recrystallisation. The vast interface areas coupled to the 

nanocomposite formation principle of biologic hard tissues increases the free energy of 

the material. Likewise, micro- and nanopores, voids and cavities, which develop after 

the decay of the organic matrix and network, add to the driving force for 

recrystallisation. Accordingly, with alteration of biogenic calcite, in the laboratory and in 

nature, the surface/interface-rich features disappear first. For example, alteration at 

ONLY 100 °C induces the immediate dehydration and decomposition of organic matter 

and fibrils (high surface feature), whereas alteration at high temperatures such as 175 °C 

and for the first few weeks does NOT immediately cause the recrystallisation of the 
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nanocomposite mesocrystal biocarbonate to inorganic rhombohedral calcite. This 

process takes significantly longer.  

Characteristics of the occluded biopolymers and specific nanostructural features 

of the bio-calcite of pristine (Figs. 2.40A-C) and hydrothermally altered T. transversa 

shells are juxtaposed in Fig. 2.40 (Figs. 2.40D-F; Fig. 2.61 in chapter 2.3). In addition, we 

show nano- and microstructural features of the calcite of two fossil brachiopods (Fig. 

2.41; Figs. 2.62 and 2.63 in chapter 2.3): one is the slightly overprinted shell part between 

the endopunctae in Bathonian D. digona from Normandy, and the other is the highly 

overprinted shell of Upper Ordovician P. laticostata. Upon close inspection, the 

hydrothermally altered as well as fossil shells show that alteration starts with 

dehydration of the occluded organics (membranes: Fig. 2.40A, network of fibrils: Fig. 

2.40B). Initially they shrink, and at a later alteration stage they decompose, and hence 

remnants may be irregularly distributed within the shell (Fig. 2.50; Fig. 2.61 in chapter 

2.3). At a more advanced stage of alteration (e.g., at 400 °C or alteration at 100 °C for 

three or four months) all occluded organics have disintegrated and a multitude of multi-

sized voids developed within the shells. These may serve as conduits for fluids into and 

through the biogenic hard tissue and supply the space for the precipitation of secondary 

minerals within and between the original mineral units. 

The calcite fraction of the shells is influenced by the alteration process on 

different microstructural scales. It starts with fusion of nanoscopic entities within the 

NMBs (compare Figs. 2.40C-F) and it is accompanied by precipitation of secondary 

calcite, amalgamation of fibres and distortion of fibre morphology within the entire shell 

microstructure (Figs. 2.47 and 2.48). Recrystallisation of NMB calcite to IRC is not 

surprising as the replacement process reduces interface energy and some strain energy 

which is present in NMBs due to their nanocomposite nature. Our AFM results show 

that on the nanoscale we find similar features for the calcite of fossil shells (Fig. 2.41; 

Figs. 2.62 and 2.63 in chapter 2.3). NMB calcite is observed in the well-preserved fibres of 

the slightly overprinted shell part of D. digona (Figs. 2.41A and B), but this is not the case 

in the shell of the highly overprinted fossil brachiopod sample P. laticostata. Within this 

sample, at the micrometre scale level fibre morphology is almost erased (Fig. 2.41C), and 

at the nanoscale level nanoparticulate calcite was amalgamated to larger entities (Fig. 

2.41D). 

Contrasting to the microstructure of the primary layer with its interdigitating 

basic units and cavities the fibrous microstructure of the secondary shell layer is tight 

and withstands destruction or dissolution during the alteration treatment. At low 

alteration temperatures (100 °C) major changes in micro- and nanostructure are only 

observed when alteration times reach three to four months or even longer, whereas at 

high alteration temperatures (175 °C) a change in micro- and nanostructure is observed 

within two to four weeks. We find that calcite fibre morphology is maintained for a long 
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time during all alteration experiments carried out in this study. Because new calcite 

formation can only start in voids, the site of the former organics. As in the pristine 

material, the extracellular matrix determines the shape of the basic mineral units on the 

micrometre scale (e.g., that of brachiopod fibres), and at early stages of alteration the 

basic microstructural features of the hard tissue such as fibres are well-preserved. 

However, this does not mean that the (fossil) shell may not be overprinted (Fig. 2.49A). 

Depending on the aggressiveness and duration of the alteration process, the original 

microstructure does finally get distorted to varying degrees by recrystallisation and 

concomitant secondary mineral formation. At later stages of alteration, both, the primary 

as well as the secondary layer calcite is consumed, the fibrous microstructure is 

eradicated, and large, single crystalline, randomly oriented carbonate crystals develop 

(e.g., Fig. 2.38C).  

Our alteration experiments clearly show that new calcite formation and fibre 

amalgamation are heterogeneous processes. In some instances profoundly altered and 

only slightly altered shell parts can be observed side-by-side. This is most probably 

caused by differences in fluid transmission through the shell and reflects the differential 

robustness and tightness of the fibre microstructure. 

Modern versus fossil brachiopod shell micro- and nanostructures 

In our integrated multi-analytical approach, we used extracellular organic matrix 

distribution patterns, morphological characteristics of biologically produced calcite and 

cathodoluminescence signals for distinguishing between highly overprinted and well-

preserved shell parts and for devising a classification scheme of the degree of diagenetic 

and thermal/hydrothermal overprint. However, the aforementioned screening tools give 

only ‘first approximation’ results as they mainly cover macro- and micrometre scale levels. 

Integrating applied visualisation and characterisation techniques with crystal orientation 

measurements including information derived from MUD values on crystal co-

orientation strengths yield a significantly more reliable assessment of the degree of 

alteration in biogenic calcite. We are able to measure changes in micro- and nanostructures 

relative to those observed in pristine shell material, and thus, have a means of 

MEASURING diagenetic overprint. The slight differences in MUD values between 

pristine and hydrothermally altered T. transversa constrains the moderateness of the type 

of overprint. MUD values of laboratory-based alteration at 100 °C and 175 °C are 42 and 

50, respectively, and are slightly lower than the MUD value of 62 measured for the 

pristine brachiopod shell. This observation is also affirmed by the only small difference 

in luminescence and luminescence pattern between pristine and altered brachiopod 

samples.  
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Figure 2.40: Vertical and lateral deflection AFM images showing with increasing magnification 

the difference in sub-micron scale structure of pristine (A, C) and hydrothermally altered (D, F) T. 

transversa shells. Organic membranes around the fibres are observed in the pristine and in the 

altered shell (blue stars in A, D, E), the network of organic fibrils within the fibres and the 

nanoparticulate appearance of calcite (white arrows in B, C) is only preserved in the pristine shell. 

In the altered shell, the network of organic fibrils is decomposed and calcite nanomosaic entities 

cannot be identified as these fused (recrystallised) to large units (highlighted with dashed white 

polygonal lines in E, F). 
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Figure 2.41: Vertical and lateral deflection AFM images showing with increasing magnification 

the difference in sub-micron scale structure of two fossil shells (A, B: D. digona, C, D: P. laticostata). 

The shell of D. digona is slightly overprinted between the endopunctae (white dashed line in A: 

fibre-punctum boundary). Fibre morphology (A) as well as the nanoscopic calcite within the 

fibres (B) is well-preserved. In contrast, the shell of P. laticostata is highly overprinted. Fibre 

morphology is distorted (C), and nanoscopic calcite particles within the fibres are fused (D).  

The shell of modern T. transversa shows the typical nanocomposite mesocrystal 

biocarbonate structure of living biological, carbonate hard tissues, with the organic 

material occluded in the NMBs and the well-developed organic membranes between the 

NMB fibres. None of these features can be observed in the shell of the fossil brachiopod 

P. laticostata, where orange-brownish luminescence dominates and only minor parts of 

the shell appear intrinsic blue. In addition to the imaging tools, band contrast 

measurement images show a complete reset of the shell microstructure. Originally, 

fibrous crystals amalgamated by growing laterally at the expense of neighbouring fibres 

and new crystals formed with random orientations and irregular morphologies with 

respect to the original biogenic microstructure. Accordingly, the strength of the 

crystallographic preferred orientation decreases to a MUD value of 16 relative to 62 

measured in pristine shells. Since shells are evolutionary-adapted functional materials, 



Results and discussion 

 

105 

 

the strength of the crystal co-orientation is high in their hard tissue. The low MUD value 

in P. laticostata and the broad distribution of c- and a*-axes in the pole figures proved the 

destruction of the original stacks of fibres and their crystallographic and 

morphologically preferred-orientation texture (Schmahl et al., 2004; Griesshaber et al., 

2007b), while fibres amalgamated by lateral growth during diagenetic recrystallisation. 

Of the investigated fossil samples, P. laticostata is by far the oldest (Ordovician) and has 

been subjected to significantly deeper burial than any other fossil sample. In addition, 

the primitive fibrous fabric of this taxon originally consisted of softer material with 

respect to that found in Jurassic and more recent taxa. It was composed of large and 

uniformly radially oriented fibres below a very thin primary layer (Williams, 1968), and 

this less compact fabric is probably more susceptible to alteration with diagenesis (e.g., 

Garbelli et al., 2012; Garbelli, 2017). 

Shell samples from the Jurassic of Normandy and Hungary are less overprinted, 

as expected for the two geologic settings and lower burial temperatures. All screening 

criteria suggest that the fossil shell of L. punctata experienced the least degree of 

overprint. Not much recrystallisation has taken place, as we still observe cavities 

between the fibres. The MUD value (Fig. 2.38D) is 52, which is only slightly less than that 

of pristine shell calcite. The MUD value and luminescence of L. punctata are comparable 

to those observed for hydrothermally altered samples. Filling of micrite in the shell of L. 

punctata probably enhanced the preservation of these specimens. 

The shell of the Bathonian D. digona is a special case. Considering only the shell 

parts between the endopunctae, the degree of overprint is low, as indicated by the MUD 

value of 60 (when secondary calcite between the fibres is taken out of the evaluation, Fig. 

2.49A) and the intrinsic, blue luminescence colour. However, in D. digona some 

recrystallisation has taken place observed by, (a) the amalgamation of fibres, and, even 

more significantly, (b) the epitactic growth of crystals of newly formed calcite in 

endopunctae which nucleated on some originally biogenic calcite fibres. The 

endopunctae are perforations through the shell which are filled by mantle tissue in the 

living animal. After death of the organism and decay of the organic material, 

endopunctae become passages for percolating diagenetic fluids and facilitate the 

alteration of neighbouring shell parts. This is documented by the bright orange cement 

in the endopunctae and in the cavity between the valves. Even though, in all D. digona 

shells of this study, the dense packing of the fibres impeded complete overprinting of the 

shell. Thus, even though the shell of D. digona was highly affected by diagenetic fluid 

circulation, it still retained some shell parts with well-preserved fibres. The advanced 

screening tools and high-definition identification of preserved and altered areas within 

brachiopod calcite provide us with important avenues in characterising ‘pristine’ 

material with original chemical signatures of past oceans. This is especially important to 

the oldest of the deep-time biogenic material used for reconstructing seawater curves of 
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carbon, oxygen, strontium isotopes. This will be especially beneficial and important to 

isotope studies, in particular for clumped isotopes, which are highly sensitive to minute 

degrees of diagenetic alteration. We anticipate with this combination of screening tools 

we will be able reconstruct deep-time seawater curves with highly improved fidelity and 

robustness. In summary, we can grade the degree of diagenetic alteration encountered in 

the studied fossil samples (Table 2.4). The impunctate shell of P. laticostata experienced 

the highest, whereas the punctate shell of L. punctata experienced the lowest degree of 

diagenetic overprint. Digonella digona contains well-preserved shell parts; however, these 

are interspersed with endopunctae filled with secondary calcite which is 

crystallographically continuous with the calcite of recrystallised fibres protruding into 

neighbouring shell regions. Two scenarios can explain this phenomenon: (a) the 

diagenetic calcite growing in the endopunctae may have nucleated on the originally 

biogenic NMB fibres or, (b) the recrystallisation process of NMB nucleated the diagenetic 

IRC crystals in the endopunctae. Nevertheless, fibre morphology was preserved to some 

extent in the impunctate shell of Q. attenuata. The shell shows major signs of overprint 

such as fibre amalgamation and diagenetic calcite formation between neighbouring 

fibres. In addition, within the fibres there is a change in calcite morphology from 

nanomosaic NMB to the typical crystal morphology of diagenetic IRC. Quadratirhynchia 

attenuata not only lacks punctae, but comes from low energy marly wackestones which 

should have favoured, to some degree, preservation of the brachiopod shell. The 

observed overprint degree may be related to high temperature fluids in the deep-burial 

realm, as observed by Wilmsen and Neuweiler (2008) for parts of this sedimentary 

succession. 

Table 2.4: Degree of diagenetic alteration observed in the fibrous shell layer of pristine and 

altered brachiopods. 

Method Pristine 

Alteration  

Stage 1 

Alteration  

Stage 2 

Alteration  

Stage 3 

CL Dark blue Blue 
Blue and minor 

orange 
Orange 

FE-SEM1 

(micro) 

Sharp-

distinct 

Sharp-distinct, 

minor dissolution 

Partly distorted, 

major dissolution 

Distorted, 

recrystallised 

FE-SEM/AFM2 

(nano) 
NMB4 NMB NMB-IRC IRC5 

MUD value3 ≥62 60-50 50-40 <40 

1 microstructural features visualised by scanning electron microscopy 
2 nanostructural features visualised by FE-SEM and atomic force microscopy 
3 multiples of uniform distribution values calculated from backscattered electron 

diffraction measurements (calculated from EBSD maps) 
4  nanocomposite mesocrystal biocarbonate (NMB) 
5 inorganic rhombohedral calcite (IRC) 
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2.2.6 Conclusions 

1. Large differences in micro- and nanostructure exist between the three kinds of 

overprinted brachiopod shells: (i) thermally altered modern, (ii) hydrothermally 

altered modern shells, and (iii) naturally altered fossil shells. These differences were 

visualised and measured with a combination of analytical techniques: CL, FE-SEM, 

AFM, and EBSD. This method integration produces a reliable assessment of 

overprint as well as discloses different degrees of alteration and overprint of 

biogenic calcite. 

2. During thermal or hydrothermal treatment and during natural diagenetic overprint, 

organic biopolymers are readily destroyed. Thermal biopolymer degradation was 

observed after 72 hours at 100 °C with the dehydration of the organic membrane 

and its detachment from the calcite fibres. Three months of thermal alteration at 

temperature of 100 °C destroys almost all biopolymers within shells. Consequently, 

cavities developed between adjacent fibres as well as a multitude of minute holes 

appeared within the calcite fibres.  

3. Hydrothermal alteration fluid chemistry greatly influences the degree of destruction 

of fibres. In comparison to artificial Mg-free meteoric fluid, Mg-rich burial fluid 

affected the calcite to a significantly higher degree and caused distortion of the fibre 

morphology.   

4. Hydrothermal alteration at 100 °C, after 28 days, did not induce major structural 

and morphological change to the calcite, nor did it lead to the formation of 

secondary (diagenetic) calcite. However, alteration at 175 °C for 28 days in Mg-

containing burial fluid caused recrystallisation of the nanomosaic structure of the 

biocomposite mesocrystal (NMB) to classical mineral calcite (IRC) and concomitant 

amalgamation of fibres by lateral growth of the IRC into neighbouring NMB fibres. 

New calcite formation also took place between neighbouring fibres and at sites 

where calcite ingrowth occurred from one fibre into the other. However, fibre 

distortion and amalgamation were heterogeneous within the shell, and we found 

areas of highly and slightly altered fibres side-by-side.  

5. Measuring crystal orientation patterns by EBSD combined with FE-SEM imaging of 

fibre morphology allowed for the assessment of the degree of diagenetic alteration 

(low, moderate, severe) in experimentally altered and fossil shells. It enabled the 

unequivocal identification of new calcite formation. The most severe natural 

diagenetic overprint of destruction of the fibre morphology and extensive new 

calcite formation was observed in the shell of Ordovician P. laticostata. The least 

diagenetic overprint in the investigated fossil shells was observed in the 

Pliensbachian L. punctata from the Jurassic of Hungary, where fibre morphology was 

still well-preserved and the site of former organic membrane between the fibres was 
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not filled with secondary calcite. The Jurassic brachiopods D. digona and Q. attenuata 

contained both, overprinted and near pristine shell areas. Overprinted regions in D. 

digona were the endopunctae, whereas the shell part between punctae was well-

preserved. In the impunctate Q. attenuata fibre amalgamation and new calcite 

formation between neighbouring fibres was patchy.   

6. Cathodoluminescence imaging and EBSD measurements indicate similar degrees of 

diagenetic overprint. However, even though cathodoluminescence is a fast and 

useful tool in obtaining a first impression on the degree of alteration it should not be 

used as a single screening tool. Instead the estimated degree of alteration by CL 

needs to be verified by EBSD microstructure and textural analyses, as well as by 

AFM nanostructure imaging. Thus, we fully endorse an integrated multi-analytical 

screening approach to characterising the preservation and degree of diagenetic 

alteration in biogenic calcite. This screening process should be important in 

identifying areas suitable for the most sensitive isotopes subjected to diagenetic 

change and influence. 
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2.2.9  Supplement 

 

Figure 2.42: FE-SEM images of microtome cut, polished, etched and critical point dried surfaces of 

the modern brachiopod T. transversa. The distinctness in microstructure between the primary 

(labelled P in A), and the secondary (fibrous) labelled S in (A) and magnified in (B), as well as the 

organic sheaths (white stars in A, B) encasing the calcite of the fibres can be observed in the 

modern brachiopod. 
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Figure 2.43: Lateral deflection AFM images of fibre morphologies within stacks of fibres in the 

shell of the modern brachiopod T. transversa. The calcite of the fibres is encased by biopolymer 

sheaths (white stars in A, B). Nanocomposite mesocrystal biocarbonates (NBM) constitutes the 

calcite of the fibres (white arrows in B). 
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Figure 2.44: FE-SEM image of microtome cut, polished, etched and critical point dried surface of 

inorganic calcite grown from solution (IRC). 

 
Figure 2.45: FE-SEM images with increasing magnification of thermally altered L. uva shells. The 

samples were heated at 400 °C for 48 hours. The shells become brittle (A) as organic membranes 

either decompose completely (B, white arrows in C) or, if still present, become highly thinned by 

dehydration (white star in D). Large voids (white arrow in D) developed between the fibres. 

Neighbouring fibres are often amalgamated (white stars in C). 



Results and discussion 

112 
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Figure 2.46: FE-SEM image showing an overview of a shell part of hydrothermally altered T. 

transversa. Alteration was carried out for 14 days at 175 °C in artificial meteoric fluid. All occluded 

organic polymers are decomposed and gaps developed between the fibres. The white dashed 

rectangle indicates the shell part where SEM image in Fig. 2.35 was taken. 
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Figure 2.47: Enlargement of EBSD band contrast (A) and orientation (B) measurement images 

shown in Figs. 2.38B and 2.39B, respectively. Alteration of T. transversa occurred at 175 °C for 28 

days and was carried out in simulated burial fluid. Note the high distortion of the altered fibres 

by new calcite formation and fibre amalgamation. 
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Figure 2.48: Enlargement of EBSD band contrast (A) and orientation (B) measurement images 

shown in Figs. 2.38B and 2.39B, respectively. Alteration of T. transversa occurred at 175 °C for 28 

days and was carried out in simulated burial fluid. Note the high distortion of the altered fibres 

by new calcite formation and fibre amalgamation (slight fibre amalgamation: white dashed 

rectangle in A, severe fibre amalgamation: yellow dashed rectangles in A).  
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Figure 2.49: Subsets of EBSD measurements made on the shell of the fossil brachiopod D. digona. 

Calcite crystal orientation is colour-coded. The subset in (A) highlights the distribution of 

secondary calcite which extends from the endopunctae into adjacent shell parts. (B) Shell section 

between two endopunctae with most of the secondary calcite taken out of the measurement (see 

black arrows in B which point to fibres coloured in black). Note the rise in MUD when the 

orientation data of the secondary calcite are taken out of the evaluation. 
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Figure 2.50: Lateral deflection AFM images of a hydrothermally altered T. transversa shell part. 

Alteration was carried out in artificial meteoric fluid at 175 °C for 28 days. The destruction of 

organic membrane between the fibres (see white arrows in A), the complete wearing of 

membrane (white star in A), and the amalgamation of fibres (white stars in B and C) can be 

observed. The white rectangle in (A) indicates the shell part which is shown in (B). The white 

dashed rectangle in (B) marks the shell region that is depicted. 
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2.3.1 Abstract 

The present data in brief article provides additional data and information to our research 

article “Micro- and nanostructures reflect the degree of diagenetic alteration in modern 

and fossil brachiopod shell calcite: a multi-analytical screening approach (CL, FE-SEM, 

AFM, EBSD; Casella et al., 2018a). We present fibre morphology, nano- and 

microstructure, as well as calcite crystal orientations and textures found in pristine, 

experimentally altered (hydrothermal and thermal), and diagenetically overprinted 

brachiopod shells. Combination of the screening tools AFM, FE-SEM and EBSD allows to 

observe a significant change in microstructural and textural features with an increasing 

degree of laboratory-based and naturally occurring diagenetic alteration. Amalgamation 

of neighbouring fibres was observed on the micrometre scale level, whereas progressive 

decomposition of biopolymers in the shells and fusion of nanoparticulate calcite crystals 

was detected on the nanometre scale. The presented data in this article and the study 

described in Casella et al. (2018a) allows for qualitative information on the degree of 

diagenetic alteration of fossil archives used for palaeoclimate reconstruction. 

2.3.2  Specifications table 

Subject area  Crystallography 

More specific subject area Micro- and nanostructure of modern and fossil biogenic carbonate 

archives  

Type of data Figures, text file 

How data was acquired Microtome: Leica Ultracut equipped with glass knives and 

DiATOME diamond knife 

Critical Point Drying: BAL-TEC CPD 030  

FE-SEM: Hitachi S5200 field emission SEM 

EBSD: Hitachi SU5000 field emission SEM equipped with a Nordlys 

II EBSD detector and AZTec acquisition software 

AFM: JPK Instruments NanoWizard II equipped with an n+-silicon 

cantilever, measurements were conducted in contact mode 

Data format Analysed 

Experimental factors Thermal  and hydrothermal alteration experiments  

Experimental features Thermal alteration experiments on modern brachiopod specimens 

were performed under dry conditions at 100 °C (for 72 hours, and 

three months), and at 400 °C (for 48 hours). 

Hydrothermal alteration experiments on modern brachiopod 

specimens were conducted in either simulated meteoric or burial 

fluids at 175 °C for 28 days. 
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Pristine, thermally and hydrothermally altered, and fossil brachiopod 

shell fragments were embedded in epoxy resin and successively 

ground and polished for further investigations (see Casella et al., 

2017, 2018a) 

Data source location Friday Harbor Laboratories, University of Washington, U.S.A. 

(Terebratalia transversa),  

Signy and Rothera Islands, Antarctica (Liothyrella uva), 

Upper Ordovician Dillsboro Formation, Indiana, U.S.A. (Platystrophia  

laticostata), 

 Lower Jurassic Ait Athmane Formation of the Central High Atlas 

Basin, Morocco (Quadratirhynchia attenuata) ,  

Luc-Sur-Mer, Normandy, France (Digonella digona) and,  

Bakony Mountains, Hungary (Lobothyris punctata). 

Data accessibility Data is with this article 

2.3.3 Value of the data 

The data provides fundamental, quantitative and qualitative information on the 

assessment of the degree of (diagenetic) alteration of brachiopod shells. 

Hydrothermal alteration experiments mimicking diagenetic alteration may be 

applied to other biogenic hard tissues and inorganic mineral assemblages (e.g., rocks) in 

order to objectively compare the degree of diagenetic overprint. 

Data analysed by multi-analytical screening methods (FE-SEM, EBSD, AFM) may 

provide crucial information on the history of fossils used in research fields such as 

reconstruction of the palaeoclimates and palaeoenvironments. 

A comparison between microstructural and texture analyses of our data with 

isotope analysis may provide more detailed understanding of diagenetic overprint of 

fossil samples. 

2.3.4 Data 

Among marine biocarbonates, calcitic brachiopod shells are one of the most used 

archives in palaeoclimate and palaeoecological research (Lowenstam, 1961; Veizer et al., 

1986; Brand, 1989b; Bates and Brand, 1991; Angiolini et al., 2009, Garbelli et al., 2012). In 

the past few decades, basic knowledge on microstructural and textural patterns of 

pristine brachiopod shells was established (Barbin et al., 1991; Schmahl et al., 2004, 2012; 

Griesshaber et al., 2007a, 2007b, 2007c, 2010; Cusack et al., 2008a, 2008b; Goetz et al., 

2009, 2011; Cusack, 2015). Here, we focus on additional insights on microstructural and 



Results and discussion 

120 

 

nanostructural characteristics caused by (mimicked) diagenetic alteration by using 

biochemical etching (Figs. 2.51 and 2.52), SEM (Figs. 2.51 to 2.55), EBSD orientation and 

texture data evaluation (Figs. 2.56 to 2.60), and AFM imaging (Figs. 2.61 to 2.63) of 

pristine, thermally, hydrothermally and diagenetically altered brachiopod shells. Based 

on FE-SEM imaging and EBSD measurements, high-resolution data on pristine, (hydro-) 

thermally altered and fossil brachiopod specimens was obtained and subsequently 

analysed. We compare micro- and nanostructural data of pristine and (hydro-) thermally 

or diagenetically altered brachiopod shells, i.e., the presence of organic matrices, and the 

shape of calcite fibres of the fibrous secondary shell layer. Texture analysis deduced 

from EBSD measurements on fossil brachiopods with varying degrees of diagenetic 

overprint shows the relation between the degree of crystallographic co-orientation and 

diagenetic history experienced by biogenic minerals. AFM imaging of hydrothermally 

altered and fossil brachiopod shells provides supporting and more detailed data on fibre 

morphologies and their internal structure. 

2.3.5 Experimental design, materials and methods 

Experimental designs of simulated diagenetic alteration 

Thermal alteration 

Thermal alteration was carried out in order to observe the decomposition of the 

enclosing organic membranes. Sample material used in thermal alteration experiments 

was heated in an oven at 100 °C for 72 h and for three months, as well as at 400 °C for 

48 h. 

Hydrothermal alteration 

Hydrothermal alteration experiments were performed in the presence of either 

simulated meteoric (10 mM NaCl aqueous solution) or simulated burial (100 mM NaCl + 

10 mM MgCl2 aqueous solution) fluid. Both solutions were prepared using high-purity 

deionised water (Casella et al., 2017, 2018a; Ritter et al., 2017). Sample material and 

10 mL of fluid were inserted into a polytetrafluoroethylene crucible which was placed 

inside a metal autoclave. Experiments were conducted at 100 °C for 28 days using either 

simulated meteoric or burial fluid. Pressure conditions during the hydrothermal 

alteration experiments corresponded to the vapour pressure of water at the given 

temperature. 
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Pristine and fossil brachiopod materials 

Investigated pristine brachiopods 

Modern brachiopod specimens of Terebratalia transversa (Sowerby, 1846) and Liothyrella 

uva (Broderip, 1833) were utilised in biochemical studies for establishing baselines of 

pristine brachiopod shell micro- and nanostructures, as well as in thermal and 

hydrothermal alteration experiments mimicking diagenetic alteration of biogenic 

carbonates. Sampling sites of both live collected brachiopods were Friday Harbor 

Laboratories, University of Washington, U.S.A., and Signy and Rothera Islands, 

Antarctica, for T. transversa and L. uva, respectively. 

Investigated fossil brachiopods 

Four fossil equivalents were chosen from basins which experienced different burial 

depths and diagenetic temperatures. Platystrophia laticostata (James, 1871) was collected 

from the Upper Ordovician Dillsboro Formation, Indiana, U.S.A. The Jurassic 

brachiopods Lobothyris punctata (Sowerby, 1812) and Quadratirhynchia attenuata (Dubar, 

1931) were collected at the Bakony Mountains, Hungary, and Ait Athmane Formation of 

the Central Atlas Basin, Morocco, respectively. Digonella digona (Sowerby, 1815) is the 

youngest of all Jurassic brachiopod samples and its sampling site was located at Luc-Sur-

Mer, Normandy, France. Further information on all utilised brachiopod specimens is 

given in Casella et al. (2018a). 

Microtome cutting and polishing  

Brachiopod shell fragments of pristine and fossil brachiopod species were mounted on 

3 mm thick cylindrical aluminium rods using super glue. In order to obtain plane 

surfaces, the samples were microtome cut using a Leica Ultracut ultramicrotome 

equipped with glass knives. Subsequently, the cut specimens were polished by stepwise 

removal of material in a series of slices with successively decreasing thicknesses (90 nm, 

70 nm, 40 nm, 20 nm, 10 nm, and 5 nm) using a DiATOME diamond knife. Each step was 

repeated 15 times (Fabritius et al., 2005).  

Selective biochemical etching 

Microtome-polished shell surfaces were etched and the organic matter fixed, 

simultaneously, while immersed in a solution of 0.1 M HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) at pH 6.5 and 2.5 % glutaraldehyde for 180 seconds. The 
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etching procedure was stopped by a dehydration step in 100 % isopropyl 3 times for 

10 minutes each. Subsequently, specimens were critical point dried using a BAL-TEC 

CPD 030 (Liechtenstein) device and rotary coated with 3 nm of platinum. 

 

 

Figure 2.51: FE-SEM images of pristine T. transversa showing different fibre characteristics. (A) 

Fibres of the fibrous secondary layer exhibit uneven surfaces after mechanical fracturing (black 

dashed rectangle). (B) Irregularly shaped small mineral units as well as organic matrices can be 

observed in the primary layer (yellow star) of the T. transversa shell. Each single fibre of the 

fibrous secondary layer is surrounded by a biopolymer matrix (white arrow), and is comprised of 

nanoscopic biocomposite mesocrystals (white star). 
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Figure 2.52: FE-SEM images of microtome cut, polished, etched and critical point dried surfaces of 

the fossil brachiopod Q. attenuata. As the fossil shell is devoid of organics (membranes around the 

fibres, network of fibrils within the fibres), it becomes brittle and fractures when cut with a 

microtome knife (white stars in A and B). 
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FE-SEM imaging 

For FE-SEM imaging, selected sample material was prepared by microtome cutting and 

polishing following a selective biochemical etching treatment. However, the major 

preparation technique for SEM imaging and EBSD measurements of brachiopod samples 

was carried out as follows. Brachiopod shells were longitudinally cut from the umbo to 

the commissure, and subsequently, embedded in epoxy resin. Shell surfaces were 

conventionally ground and polished in sequential steps down to a grain size of 1 µm 

(particle size of polishing agent). The preparation was finalised by an etch-polishing step 

utilising colloidal alumina with particle sizes of approx. 0.05 µm in a vibratory polisher. 

Subsequently, sample surfaces were rotary coated with 4-6 nm of carbon. 

FE-SEM imaging was carried out at 4, 5, or 10 kV using a Hitachi S5200 electron 

microscope.  

EBSD measurements, band contrast and analysis of calcite orientation 

data 

For EBSD measurements, brachiopod shells were conventionally ground and polished as 

described above. Sample surfaces were rotary coated with 4-6 nm of carbon. EBSD 

measurements were conducted at 20 kV using a Hitachi SU5000 FE-SEM equipped with 

a Nordlys II EBSD detector and AZTec acquisition. Obtained EBSD data was evaluated 

using CHANNEL 5 HKL evaluation software (Schmidt and Olesen, 1989; Randle and 

Engler, 2000).  

Data on crystal orientation is shown as band contrast measurements and colour-

coded crystal orientation maps with corresponding pole figures. EBSD band contrast 

represents the quality of the Kikuchi diffraction pattern in each measured point, thus, 

strong EBSD signals result in a bright image point and weak or absent signals (e.g., due 

to pores, organic matter, amorphous phases) result in dark image points. 

Crystallographic orientation maps were derived from EBSD scans. A measure of co-

orientation within single crystals or assembly of crystals are given by the multiple of 

uniform distribution (MUD) value. High MUD values indicate highly co-oriented 

crystallographic axes (e.g., MUD of >700 in inorganic single crystals; Nindiyasari et al., 

2015) and, thus, a strong texture. Low MUD values of down to 1.0 reflect randomly 

oriented crystallographic axes, thus, a weak or no texture. 
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Figure 2.53: FE-SEM images of L. uva thermally altered under dry conditions at 100 °C for 

72 hours. The morphology and arrays of fibres are well kept (A), and each fibre is surrounded by 

an organic membrane (white arrows in B). 

 

 

Figure 2.54: FE-SEM images of L. uva shells thermally altered under dry conditions at 100 °C for 

three months. New, large, irregularly shaped calcite units developed (white stars in A and B, 

yellow dashed outlines in A) as the original basic mineral units of the skeleton amalgamate. 
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Figure 2.55: FE-SEM image of a L. uva shell thermally treated at 400 °C for 48 hours. Organic 

membranes are entirely decomposed; new calcite formation starts to occur as neighbouring fibres 

amalgamate (white arrows). 
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Figure 2.56: EBSD band contrast measurement images of pristine and thermally altered L. uva 

shells showing the change and distortion of microstructure of the fibrous layer with progressive 

alteration times and temperatures. Relative to pristine L. uva (A), a slight distortion of the 

microstructure can be observed in shell samples altered at 400 °C for 48 hours (B). New mineral 

formation and fibre amalgamation was observed at thermal alteration conditions of three months 

at 100 °C (white stars in C). Alteration for four months at 100 °C caused significant fibre 

amalgamation (white stars in D), microstructure destruction (yellow dashed rectangle in D) and 

new calcite formation. 
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Figure 2.57: EBSD band contrast measurement images of hydrothermally altered T. transversa 

shell. Alteration occurred at 175 °C for 28 days and was carried out in simulated burial fluid. Shell 

areas where the original fibre morphology was distorted by alteration (yellow rectangle) can be 

observed close to regions where the shell microstructure was little affected (white rectangle). 

Note that amalgamation of fibres occurred occasionally (white arrows). 

 

Figure 2.58: EBSD band contrast measurement image of hydrothermally altered T. transversa shell. 

Alteration occurred at 175 °C for 28 days and was carried out in simulated burial fluid. In some 

parts of the shell the original fibrous shell microstructure was distorted by the amalgamation of 

fibres due to alteration (yellow dashed rectangles). The amalgamation of fibres can be explained 

by lateral growth of the inorganic rhombohedral calcite (IRC) of one nanocomposite mesocrystal 

biocarbonate (NMB) fibre growing into the neighbouring fibre. Note that altered shell areas are 

next to shell areas which appear to be little affected by alteration (white dashed rectangle). 
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Figure 2.59: EBSD band contrast measurements and colour-coded orientation maps with 

corresponding pole figures of fossil brachiopod D. digona (A, C, E) and cement found between the 

pedicle and brachial valves (A, B, D; see Fig. 2.38 in chapter 2.2). Recrystallised calcite is present 

in the shell (white stars in C) and as precipitate within endopunctae (yellow arrows in C) of fossil 

D. digona, and within the cement (white stars in B). (A) Yellow numbers show MUD values of 

individual calcite grains found within the cement. The number of corresponding data points used 

for the calculation of each MUD value is given in white. (D) MUD values of two selected 

recrystallised calcite grains of the cement (coloured, white stars in B) are similar to each other (683 

and 713) and show characteristics of a single crystalline phase due to the superposition of 

crystallographic axes on the pole figures. (E) In contrast, the crystallographic axes of newly 

formed calcite found within the shell of D. digona show high misorientation on the pole figures, 

and thus, a significantly lower MUD value of 45 is obtained. 

 



Results and discussion 

130 

 

 

Figure 2.60: EBSD colour-coded orientation maps showing recrystallised calcite inside the shells 

of the fossil brachiopods L. punctata (A), D. digona (B) and P. laticostata (C). MUD values are given 

in yellow, the number of calcite data points within a large calcite crystal is shown in white. 
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AFM imaging 

For AFM imaging, brachiopod specimens were prepared by two different preparation 

techniques, i.e., microtome cutting using glass knives and polishing using a diamond 

knife, as well as by conventional grinding and polishing as is described above. The latter 

includes an additional step, i.e., cleaning of the highly polished sample surface for 

10 minutes using high-purity deionised water in an ultrasonic bath, rinsing with ethanol 

and subsequent air drying. Rotary coating was not applied for AFM imaging. 

Atomic force microscopy was conducted on hydrothermally altered and fossil 

brachiopod shells. Images were taken in contact mode. 

 

 

Figure 2.61: Lateral deflection AFM images of hydrothermally altered T. transversa shell pieces. 

Alteration was carried out in simulated meteoric fluid at 175 °C for 28 days. The degradation of 

organic membranes, the amalgamation of neighbouring fibres (white arrows in A), and new 

calcite formation (A, B) can be observed at the sites of former membranes located between two 

fibres. The dashed white rectangle in (A) indicates the location of the shell area shown in (B). 
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Figure 2.62: Vertical deflection AFM images of fossil D. digona shell pieces. Degradation of 

organic membranes (white arrows in A) and amalgamation of neighbouring fibres into larger 

units (white stars in A) can be observed in the Jurassic brachiopod specimen. (B) Formation of 

inorganic rhombohedral calcite (IRC) crystallites within a single calcite fibre of the fibrous 

secondary layer. 

 

 

Figure 2.63: Lateral deflection AFM images of fossil P. laticostata shell pieces showing (A) the 

distortion of neighbouring calcite of the fibrous secondary layer caused by diagenetic overprint. 

(B) Fibres of fossil P. laticostata lack the enclosing organic membranes and consist of inorganic 

calcite crystallites. 
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2.4.1 Abstract 

The assessment of diagenetic overprint on microstructural and geochemical data gained 

from fossil archives is of fundamental importance for understanding 

palaeoenvironments. The correct reconstruction of past environmental dynamics is only 

possible when pristine skeletons are unequivocally distinguished from altered skeletal 

elements. Our previous studies (see chapter 2.1) show (i) that replacement of biogenic 

carbonate by inorganic calcite occurs via an interfacecoupled dissolution-reprecipitation 

mechanism. (ii) A comprehensive understanding of alteration of the biogenic skeleton is 

only given when structural changes are assessed on both, the micrometre as well as on 

the nanometre scale. 

In the present contribution we investigate experimental hydrothermal alteration 

of six different modern biogenic carbonate materials to (i) assess their potential for 

withstanding diagenetic overprint and to (ii) find characteristics for the preservation of 

their microstructure in the fossil record. Experiments were performed at 175 °C with a 

100mM NaCl + 10mMMgCl2 alteration solution and lasted for up to 35 days. For each 

type of microstructure we (i) examine the evolution of biogenic carbonate replacement 

by inorganic calcite, (ii) highlight different stages of inorganic carbonate formation, (iii) 

explore microstructural changes at different degrees of alteration, and (iv) perform a 

statistical evaluation of microstructural data to highlight changes in crystallite size 

between the pristine and the altered skeletons. 

We find that alteration from biogenic aragonite to inorganic calcite proceeds 

along pathways where the fluid enters the material. It is fastest in hard tissues with an 

existing primary porosity and a biopolymer fabric within the skeleton that consists of a 

network of fibrils. The slowest alteration kinetics occurs when biogenic nacreous 

aragonite is replaced by inorganic calcite, irrespective of the mode of assembly of nacre 

tablets. For all investigated biogenic carbonates we distinguish the following 

intermediate stages of alteration: (i) decomposition of biopolymers and the associated 

formation of secondary porosity, (ii) homoepitactic overgrowth with preservation of the 

original phase leading to amalgamation of neighbouring mineral units (i.e., 

recrystallisation by grain growth eliminating grain boundaries), (iii) deletion of the 

original microstructure, however, at first, under retention of the original mineralogical 

phase, and (iv) replacement of both, the pristine microstructure and original phase with 

the newly formed inorganic product. 

At the alteration front we find between newly formed calcite and reworked 

biogenic aragonite the formation of metastable Mg-rich carbonates with a calcite-type 

structure and compositions ranging from dolomitic to about 80 mol% magnesite. This 

high-Mg calcite seam shifts with the alteration front when the latter is displaced within 

the unaltered biogenic aragonite. For all investigated biocarbonate hard tissues we 
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observe the destruction of the microstructure first, and, in a second step, the replacement 

of the original with the newly formed phase. 

2.4.2 Introduction 

Biomineralised hard parts composed of calcium carbonate form the basis of studies of 

past climate dynamics and environmental change. However, the greatest challenge that 

all biological archives face lies in their capacity to retain original signatures, as alteration 

of them starts immediately upon death of the organism (e.g., Patterson and Walter, 1994; 

Ku et al., 1999; Brand, 2004; Zazzo et al., 2004; Casella et al., 2018a, 2018b). 

Despite previous extensive research, carbonate diagenesis is still only partly 

understood (e.g., Bathurst, 1975; Brand and Veizer, 1980, 1981; Swart, 2015) as many 

studies addressing the evolution of parameters that influence diagenetic alteration, are 

discussed only in a qualitative manner (Brand and Veizer, 1980, 1981; Swart, 2015). In 

particular, deciphering the sequence of processes and, thus, pathways of alteration poses 

major problems in carbonate diagenesis (Immenhauser et al., 2015; Swart, 2015; Ullmann 

and Korte, 2015). Our previous study on the shell of the modern bivalve Arctica islandica 

has shown that laboratory-based, simulated diagenetic alteration discloses 

microstructural and geochemical features that are comparable to those found in fossil 

specimens (Casella et al., 2017; Ritter et al., 2017). However, the cited studies were 

performed on the hard tissue of only one taxon. For a more comprehensive 

understanding of microstructural and chemical controls at diagenesis we extend our 

studies to hard tissues of other modern marine carbonate biomineralisers such as the 

bivalve Mytilus edulis, the coral Porites sp., and the gastropod Haliotis ovina. With these 

we cover the major calcium carbonate phases, and with the inclusion of the shell of A. 

islandica, six distinct microstructures. When selecting organisms for this study, strict care 

was taken to investigate those taxa where fossil counterparts are often used for 

palaeoclimate and palaeoenvironmental reconstruction. 

The bivalve A. islandica has been studied extensively in many scientific fields 

such as palaeontology, palaeoecology, biostratigraphy, and palaeoclimate research (e.g., 

Marchitto et al., 2000; Ridgway et al., 2011; Strahl et al., 2011; Wanamaker Jr. et al., 2011; 

Karney et al., 2012; Krause-Nehring et al., 2012; Butler et al., 2009, 2013; Schöne, 2013). 

The first occurrence of A. islandica in the Mediterranean Sea is of historical importance 

and was used until 2010 to mark the former Pliocene–Pleistocene boundary (e.g. Crippa 

and Raineri, 2015; Crippa et al., 2016). As long-lived organisms, stony corals attract great 

interest for the reconstruction of palaeoclimates derived from skeletal oxygen isotopic 

compositions and major element abundances, as these geochemical signals vary in 

response to changes in seawater temperature (e.g., Heiss, 1994; Cohen et al., 2001; 
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McGregor and Gagan, 2002; Schöne et al., 2004, 2005a, b; Korte et al., 2005; Böhm et al., 

2006; Allison et al., 2007; Meibom et al., 2007; Rüggeberg et al., 2008; Morton, 2011). For 

example, it is assumed that δ234U in sea water has remained constant in the past. Thus, 

the comparison between present-day and decaycorrected δ234U in sea water and in coral 

skeletons is a major tool for the detection of diagenetically altered corals. δ234U values of 

the latter are higher relative to present-day sea water (Hamelin et al., 1991; Stirling et al., 

1995; Delanghe et al., 2002), while pristine corals exhibit a 234U/ 238U activity ratio similar 

to modern sea water (Henderson et al., 1993; Blanchon et al., 2009). Shells of molluscs 

(e.g., M. edulis), and gastropods (e.g., H. ovina) represent important archives for studies 

of palaeo- and present environmental change (Raffi, 1986; Richardson, 2001; Elliot et al., 

2003; Wanamaker Jr. et al., 2008; Hippler et al., 2009; Schöne and Surge, 2012). The work 

of Hahn et al. (2012, 2014) has shown that environmental reconstruction can be derived 

from microstructural information, as well as stable isotope and major element data 

(Jackson et al., 1988; Cartwright and Checa, 2007; Gries et al., 2009). 

In order to detect low to moderate degrees of alteration as well as to identify 

intermediate steps for the reconstruction of major pathways of overprint we investigated 

the behaviour of biocarbonate skeletal microstructure at laboratory-based hydrothermal 

overprint. We conducted alteration experiments for time spans between 1 and 35 days, at 

a temperature of 175 °C and in the presence of a Mg-rich fluid. We investigated the 

skeletons of two modern bivalves (A. islandica and M. edulis), one modern stony coral 

(Porites sp.), and one modern gastropod (H. ovina). With this selection of hard tissue we 

are able to highlight the influence at alteration of variations in mineral surface area, 

control by primary (inherent) and secondary (induced) porosity, the effect of biopolymer 

fabric and pattern of distribution within the skeleton, and the impact of size, form, and 

mode of organisation of biomineral units such as granules, fibres, tablets and prisms. We 

discuss differences between biogenic to inorganic carbonate replacement kinetics, and 

illustrate differences in structure and porosity between original and overprinted product 

phases. Overprint strongly affects the size of mineral units in the alteration product, and 

we evaluate this characteristic for pristine and altered skeletons using statistical 

evaluation. Based on statistical grain-area analysis, we present a new and reliable tool for 

the detection of diagenetic overprint in biological carbonate hard tissues. This tool is 

sufficiently sensitive to characterize low degrees of diagenetic alteration. 
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2.4.3 Materials and methods 

Test materials 

Shells of the modern bivalve Arctica islandica were collected from Loch Etive, Scotland 

(U.K.). The shells are 8-10 cm in size and represent adult specimens. Pristine specimens 

of the scleractinian coral Porites sp. were collected at Mo’orea, French Polynesia (Rashid 

et al., 2014). Live specimens of the gastropod Haliotis ovina were collected from the reef 

flat of Heron Island, Queensland, Australia. All shell pieces used in this study were 

taken from the shell of one adult specimen with dimensions of approximately 8 × 6.5 cm. 

Shells of the modern common blue mussel, Mytilus edulis, were collected from 5-7 m 

depth in the subtidal zone of Menai Strait, Wales, UK. Shell sizes varied from 5 to 6 cm 

and represent adult animals. 

Methods 

Selective etching of organic matrix 

In order to image the organic matrix in modern (reference) and hydrothermally altered 

shell samples, as well as the mineral reference (inorganic aragonite), shells or mineral 

pieces were mounted on 3 mm thick cylindrical aluminium rods using super glue. The 

samples were first cut using a Leica Ultracut ultramicrotome with glass knives to obtain 

planar surfaces. The cut pieces were then polished with a DIATOME diamond knife by 

stepwise removal of material in a series of 20 sections with successively decreasing 

thickness (90, 70, 40, 20, 10, and 5 nm, and each step was repeated 15 times) as reported 

in Fabritius et al. (2005). The polished samples were etched for 180 s using 0.1 M HEPES 

at a pH of 6.5 containing 2.5 % glutaraldehyde as a fixation solution. The etching 

procedure was followed by dehydration in 100 % isopropyl three times for 10 min each, 

before specimens were critical point-dried. The dried samples were rotary coated with 3 

nm platinum and imaged using a Hitachi S5200 field-emission scanning electron 

microscope (FE-SEM) operating at 4 kV. 

Microstructure and texture  

For FE-SEM and electron backscatter diffraction (EBSD) analyses, 5 × 5 mm thick pieces 

were cut out of the shells and embedded in epoxy resin. The surface of the embedded 

samples was subjected to several sequential mechanical grinding and polishing steps 

down to a grain size of 1 µm. The final step consisted of etch-polishing with colloidal 

alumina (particle size ∼ 0.06 µm) in a vibratory polisher. Samples were coated with 4-
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6 nm of carbon for EBSD analysis, and with 5 nm Pt/Pd for SEM visualisation. EBSD 

measurements were carried out on a Hitachi SU5000 field emission SEM, equipped with 

an Oxford EBSD detector. The SEM was operated at 20 kV and measurements were 

indexed with CHANNEL 5 HKL software (Schmidt and Olesen, 1989; Randle and 

Engler, 2000). Information obtained from EBSD measurements is presented as band 

contrast images, and colour-coded crystal orientation maps with corresponding pole 

figures. 

The EBSD band contrast represents the signal strength of the EBSD-Kikuchi 

diffraction pattern and is displayed as a greyscale component of EBSD scanning maps. 

The strength of the EBSD signal is high when a crystal is detected (bright), whereas it is 

weak or absent when a polymer such as organic matter is scanned (dark/black). Co-

orientation statistics are derived from pole figures obtained by EBSD scans and is given 

by the MUD (multiple of uniform (random) distribution) value. The MUD value 

measures crystal co-orientation (texture sharpness) in the scanned area, where a high 

MUD value indicates high and a low MUD value reflects a low to random co-orientation, 

respectively. 

Grain area evaluation  

Individual grains can be identified and various grain related parameters, e.g. grain area, 

can be measured with EBSD. A grain is defined as a region completely surrounded by 

boundaries across which the misorientation angle relative to the neighbouring grains is 

larger than a critical value, i.e. the critical misorientation value. Griesshaber et al. (2013) 

empirically determined that a critical misorientation value of 2 ° best suits the 

microstructure of modern carbonate biological hard tissues. By using this value, 

individual mineral units (e.g., fibres, tablets, prisms, columns), also called grains, can be 

addressed and evaluated. For the relative frequency to grainarea statistics, we use the 

critical misorientation value of 2 °, grain clusters with a class width of 0.2 µm, and 

corrected values for absolute distribution function and probability density (F x(x)) to 

relative values. Care was taken that the quality of EBSD maps used in this study is very 

similar; hence all measurements were conducted with very small (200 to 300 nm) step 

sizes. Measurements with a hit rate below 90 % for calcite and below 70 % for aragonite 

were not used for statistical evaluation. 

Alteration experiments 

Laboratory-based hydrothermal alteration experiments mimicked burial diagenetic 

conditions in terms of fluid composition. The latter is based on previously conducted 

hydrothermal experiments with a defined concentration of Mg that is comparable to Mg 

contents found in natural diagenetic environments. However, pressure conditions could 
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not be adjusted to those of natural burial diagenesis due to the experimental design 

(closed system), and thus, corresponded to vapour pressure of water at the given 

temperature. In all experiments, pieces of shells or skeletons up to 2 cm × 1 cm of 

modern A. islandica, modern M. edulis, modern Porites sp., and modern H. ovina were 

placed inside a polytetrafluoroethylene (PTFE) vessel together with 10 mL of simulated 

burial fluid (100 mM NaCl + 10m MMgCl2 aqueous solution) and sealed with a PTFE lid. 

Each PTFE vessel was placed in a stainless steel autoclave, sealed and kept in the oven at 

a temperature of 175 °C for different periods of time ranging between 1 and 35 days. 

After the selected time period, the autoclave was removed from the oven, cooled down 

to room temperature and opened. Recovered solid material was dried at room 

temperature and prepared for XRD, EBSD, and EDX measurements. 

X-ray diffraction analysis 

X-ray diffraction analysis of pristine and hydrothermally altered samples was performed 

with Cu-Kα1-radiation in reflection geometry on a General Electric Inspection 

Technologies XRD3003 X-ray diffractometer with an incident-beam Ge111 focussing 

monochromator and a Meteor positionsensitive detector (GE Inspection Technology 

GmbH). The diffractograms underwent Rietveld analysis with the software package 

FULLPROF (Rodríguez-Carvajal, 2001) using the aragonite structure data of Jarosch and 

Heger (1986) and calcite structure data of Markgraf and Reeder (1985).  

Thermal gravimetric analysis (TGA) 

Determination of organic matter content occurred via TGA measurements conducted in 

a TA Instruments Q500 TGA. The samples were heated from ambient temperature to 

1000 °C at a rate of 5 °C per minute in a flowing-air atmosphere. The initial weight of 

samples used for TGA measurements was 20 mg for A. islandica, 24 mg for Porites sp., 

26 mg for H. ovina, 20 mg for M. edulis nacre, and 22 mg for M. edulis calcite. 

2.4.4 Results 

Microstructural characteristics of modern bivalve, gastropod and 

coral skeletons 

FE-SEM images shown in Figs. 2.64, 2.76, and 2.77 highlight characteristic mineral units 

and their assembly within the skeletons of the investigated species: the modern bivalves 

Arctica islandica and Mytilus edulis, the modern coral Porites sp., and the modern 
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gastropod Haliotis ovina. Skeletons of A. islandica, H. ovina, and Porites sp. consist entirely 

of aragonite, whereas M. edulis contains both carbonate phases, calcite and aragonite. 

The shell of A. islandica comprises an assemblage of irregularly shaped, 

micrometre-sized aragonitic mineral units (white stars in Fig. 2.64A) that are 

interconnected by an irregular network of thin biopolymer fibrils (this study and Casella 

et al., 2017). Mineral unit size, porosity, and density of aragonite crystal packing is 

unevenly distributed within the shell, such that, relative to inner shell portions, mineral 

unit and pore sizes along the shell rim pointing to seawater are increased. Mineral unit 

organisation in the shell of A. islandica is mainly unstructured, especially in shell 

portions along the seawater pointing shell rim. Despite this, aragonite that constitutes 

the inner shell layers, i.e., shell parts that are next to the soft tissue of the animal, is 

mainly present in a crossedlamellar microstructural arrangement. Growth lines in A. 

islandica shells are frequent and are easily observed, as in this species biopolymer 

contents and mineral unit sizes are increased (Casella et al., 2017; Greiner et al., 2018). 

Even though the shell of A. islandica can be addressed as consisting of densely packed 

aragonite, it contains primary porosity. The latter is unevenly distributed: along the 

seaward pointing shell portion, pores are abundant and large, while in shell parts that 

are closer to the soft tissue of the animal, pores are small and significantly less frequent 

(Greiner et al., 2018). 

TGA measurements demonstrate that organic contents within the shell of pristine 

A. islandica are 2.2 wt% in the outer and 1.8 wt% in the inner shell portion, respectively. 

After 14 days of hydrothermal alteration we find 1.8 wt% in the outer and 1.7 wt% in the 

inner shell part, respectively. The skeleton of the modern stony coral Porites sp. consists 

of an assemblage of spherulitic units, the latter containing aragonitic needles and fibrils 

(white star in Fig. 2.64B). These grow radially outward from an organic template present 

at aragonite nucleation sites: the centres of calcification (white dots in Fig. 2.64B; 

Griesshaber et al., 2017). As skeletal growth proceeds, aragonite crystallites increase in 

size, and form thin fibres that are bundled into loosely co-oriented mineral units (framed 

in white and yellow in Fig. 2.76A; Griesshaber et al., 2017). When sectioned in two 

dimensions, spherical, irregularly shaped entities are obtained (yellow stars in Figs. 

2.76B, C), which are cut-off from each other by cavities. 

TGA measurements give 2.10 wt% organic matter for the skeleton of modern 

stony coral Porites sp. When altered for 14 days the coral skeleton still contained 

1.98 wt% of organic material. Hence, we find only a minor decrease in organic content 

with alteration for 14 days, at an alteration temperature of 175 °C and in Mg-rich burial 

fluid. 

The shell of the modern gastropod H. ovina consists of aragonite. The latter is 

present in two microstructural arrangements (Figs. 2.64C, D, 2.77A): aragonite prisms 

and nacre tablets. Aragonite prisms (yellow stars in Figs. 2.77A, 2.64C) form the outer 
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shell layer, while nacreous tablets (white stars in Figs. 2.77A, 2.64D) constitute inner shell 

portions. The prismatic mineral units in H. ovina show a gradation in size that decreases 

towards the rim of the outer shell. Accordingly, large aragonitic prisms are within the 

central part of the shell, next to nacreous aragonite. Nacreous tablets in H. ovina are 

stacked and form columns (white star in Fig. 2.77A). 

TGA measurements give an organic content of 3.1 wt% for the shell of H. ovina. 

This value comprises both shell layers. The observed organic content agrees well with 

the overall microstructural design of the shell of H. ovina. Most of the shell consists of 

dense nacreous aragonite, the latter being composed of thin (200 to 300 nm thick) tablets 

fully encased by a biopolymer sheath. The slightly porous prismatic aragonite shell layer 

forms only about 20 % of the shell. At hydrothermal alteration for 21 days, the content of 

organics that is present in the shell of H. ovina decreased to 1.7 wt%. 

The shell of the modern bivalve M. edulis contains arrays of highly co-oriented 

calcite fibres (yellow stars in Figs. 2.64E, 2.77B; Griesshaber et al., 2013; Checa et al., 2014) 

along the outward part of the shell. Inner shell layers consist of nacreous aragonite 

(white star in Figs. 2.64F, 2.77B). Aragonitic tablets in M. edulis are about 500 nm thick, 

are encased by an organic sheath, and are grouped in a sheeted, “brick-wall” 

arrangement (Fig. 2.64F; Griesshaber et al., 2013).  

Organic contents are slightly different for the two shell layers, 2.7 wt% for the 

aragonitic and 2.0 wt% for the calcitic shell portion. Hydrothermal alteration for 21 days 

reduced the amount of organic material within the shell of M. edulis drastically to 

0.7 wt% in the aragonitic and 0.6 wt% in the calcitic shell part, respectively. 

Microstructure and texture of hydrothermally altered bivalve, 

gastropod and coral skeletons 

The shells and skeletal elements of modern Arctica islandica, Porites sp., Haliotis ovina and 

Mytilus edulis were subjected to laboratory-based hydrothermal alteration. Experiments 

were carried out at 175 °C in the presence of a Mg-rich fluid simulating burial water. 

Experiment lasted between 1 and 35 days (Fig. 2.78).  

The amount of newly formed calcite was determined by Rietveld analysis of XRD 

data (Fig. 2.79). Diagrams of calcite content vs. experimentation time (Fig. 2.65) 

demonstrate the difference in replacement kinetics between biogenic calcium carbonates 

and inorganic calcite, and highlight the profound influence of the biogenic 

microstructure on the replacement reactions. In hydrothermally altered A. islandica 

shells, new calcite formation starts after 4 days of alteration and progresses constantly. 

After 7 days of alteration, most shell aragonite is replaced by calcite (Figs. 2.65a, 2.79a; 

Casella et al., 2017). In contrast, the hard tissue of Porites sp. and of H. ovina respond  
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Figure 2.64: SEM micrographs showing the characteristic microstructures of skeletons of the 

modern specimens of (A) bivalve Arctica islandica, (B) scleractinian coral Porites sp., (C, D) 

gastropod Haliotis ovina, and (E, F) bivalve Mytilus edulis. The shell of A. islandica consists of an 

assemblage of irregularly shaped and sized aragonitic mineral units (white stars in A) which are 

embedded in a network of biopolymer fibrils (this study and Casella et al., 2017). The acicular 

aragonitic skeleton of the modern coral Porites sp. (white star in B) is composed of differently 

sized spherulites consisting of fibrils and needles. These grow outward from an organic template 

which lines the mineral nucleation sites, i.e, centres of calcification (white dots in B). Shells of the 

gastropod H. ovina and the bivalve M. edulis comprise two distinct carbonate layers. The shell of 

H. ovina consists of irregularly shaped and sized prisms (yellow stars in C) next to a nacreous 

shell layer with nacre tablets assembled as columns (white star in D). The outer shell layer in M. 

edulis is formed by stacks of calcite fibres (yellow star in E), while the inner shell layer is nacreous 

with nacre tablets arranged in a “brick wall fashion” (white star in F). 
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Figure 2.65: Newly formed inorganic calcite content versus alteration time plots calculated from 

Rietveld analyses of the XRD data obtained for hard tissues of (A) Arctica islandica, (B) Porites sp., 

and (C) Haliotis ovina. Red dashed lines indicate the percentage of newly formed calcite after 

35 days of alteration as well as maximum contents of inorganic calcite for each investigated 

species. Differences in newly formed calcite contents among the four species clearly highlight the 

influence of the different microstructures on the replacement kinetics of biogenic carbonate by 

inorganic calcite. 
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differently to alteration. Replacement of biogenic aragonite by newly formed calcite is 

significantly slower compared to that occurring in the shell of A. islandica, such that after 

35 days of alteration only 20 % to 30 % of biogenic aragonite is replaced by inorganic 

calcite (Figs. 2.65B, C, 2.79B, D). For all five investigated types of microstructures, the 

amount of newly formed calcite is not a continuous function of time. 

Microstructure and phase characterisation was carried out with EBSD. The 

results are presented as EBSD band contrast (Figs. 2.80 to 2.83A), colour-coded 

orientation maps (Figs. 2.66 to 2.68, 2.83B), and corresponding pole figures (Figs. 2.66 to 

2.68). EBSD band contrast is shown as a greyscale component that illustrates the strength 

of the diffracted signal for each measurement. Thus, when mineral material is hit by the 

electron beam, the backscattered signal is high and light grey colours form the image. 

When an organic component is scanned, the backscattered diffraction signal is absent, 

and the band contrast measurement image is black. Carbonate mineral co-orientation 

strength is given with MUD values (e.g., Casella et al., 2017, 2018a, 2018b). These are 

derived from pole density distributions and are quoted for each EBSD scan. 

Figures 2.66 to 2.68, and 2.80 to 2.83 show the difference in microstructure and 

texture between pristine samples and the most advanced stage of alteration (35 days, at 

175 °C in a Mg-rich fluid). At these conditions aragonitic mineral units in the shell of 

modern A. islandica (Fig. 2.80A) are quickly and almost completely replaced by inorganic 

calcite (Fig. 2.80B). In the modern shell these mineral units are surrounded by a thin 

network of organic fibrils. The latter are easily destroyed at hydrothermal alteration and 

space is created for fluid percolation. Hence, a pervasive and quickly progressing 

replacement of biogenic aragonite by inorganic calcite takes place. Calcite nucleation and 

growth in A. islandica shells starts after a dormant period of about 4 days (Fig. 2.79A; 

Casella et al., 2017). Once started, the replacement progresses readily to completion. In 

the outer shell layer the replacement of aragonite is completed with the development of 

large and randomly oriented calcite grains, while, in denser shell areas, patches of 

biogenic aragonite are still preserved, containing features of the original biogenic 

microstructure and texture (see also Casella et al., 2017). 

In contrast, acicular aragonite in Porites sp. displays a different behaviour during 

alteration. Even after alteration of 35 days only minor parts of the coral skeleton are 

replaced by calcite (Figs. 2.65B, 2.66B to E, 2.80C, D). Our results show that the alteration 

fluid enters the coral skeleton predominantly at centres of calcification (Figs. 2.66B, D, 

2.80D). New calcite formation starts mainly at these sites and proceeds from there into 

the skeleton. As Fig. 2.66D demonstrates, even after alteration for 35 days, at 175 °C and 

in the presence of a Mgrich fluid, some regions of the acicular microstructure are still 

preserved. However, we see a decrease in MUD value from 41 in the pristine (Fig. 2.66A) 

to an MUD of 13 (Fig. 2.66E) in the altered shell. This is the only sign of alteration: the 

decrease in MUD indicates growth of new aragonite with a lower degree of 
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crystallographic co-orientation of the newly formed mineral. With progressively longer 

alteration times, up to 35 days, large and randomly oriented calcite crystals grow within 

the coral skeleton (Figs. 2.66B, C, D, 2.80D). This calcite has high MUD values (Fig. 

2.66D) similar to single crystalline calcite precipitated from solution (Nindiyasari et al., 

2015; Casella et al., 2017).  

 

 

Figure 2.66: EBSD colour-coded orientation and phase maps with corresponding pole figures 

which depict the microstructure, texture and pattern of biogenic and inorganic carbonate phase 

distribution in pristine (A) and hydrothermally altered (B, C, D, E) skeletal elements of the 

scleractinian coral Porites sp. Alteration lasted for 35 days and was carried out at 175 °C in a Mg-

rich fluid simulating burial water (100 mM NaCl + 10m MMgCl2 aqueous solution). EBSD colour 

codes are given in (F). The strength of crystal co-orientation is expressed with MUD values and is 

given at each EBSD measurement. MUD values for newly formed calcites (D) are written into the 

EBSD map and are given for most newly formed calcite crystals. Even though crystal co-

orientation strength is moderate in the modern coral specimen (MUD: 41 in A), it decreases 

significantly in the altered coral skeleton (MUD: 13 in D). Co-orientation strength in newly 

formed calcite is exceedingly high, as high as that of calcite grown from solution (D). 

Aragonite prisms in the pristine shell of H. ovina (Fig. 2.67A) are within a network of 

biopolymer fibrils which are readily destroyed by hydrothermal alteration. A significant 

amount of space becomes available for fluid infiltration, which results in extensive 

overprint and a rapidly progressing replacement of the biogenic aragonite by inorganic 

calcite. Figures 2.67B and 2.81B show that after 35 days of alteration, in the presence of a 

Mg-rich fluid at 175 °C the highly porous prismatic aragonite shell layer of modern H. 

ovina (Figs. 2.67A, 2.81A) is completely replaced by inorganic calcite. In contrast, the 

nacreous shell layer of H. ovina is little affected. There is no major change between  
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Figure 2.67: EBSD colour-coded orientation and phase maps with corresponding pole figures 

show the microstructure, texture, and pattern of biogenic and inorganic carbonate phase 

distribution in pristine (A, C) and hydrothermally altered (B, D) Haliotis ovina shells. Alteration 

lasted for 35 days and was carried out at 175 °C in a Mg-rich solution. Crystal co-orientation 

strengths, expressed with MUD values, are given at each EBSD map. Alteration for 35 days 

induces the replacement of large parts of prismatic biogenic aragonite (A) by inorganic calcite (B). 

However, in shell layers where replacement has not yet taken place, aragonitic prisms 

amalgamate and MUD values decrease (right-hand side of EBSD map shown in (D) framed with a 

green dashed line; compare to EBSD map, pole figures, and MUD value shown in A). The 

nacreous part of the shell is little affected by alteration. Even when altered for 35 days the 

columnar microstructure is still well preserved (D). The MUD value of altered nacre (left-hand 

side of EBSD map shown in (D), framed in red) is very similar to that obtained for pristine nacre 

(C). 

pristine and altered H. ovina nacre, neither in carbonate phase, nor in microstructure or 

in MUD value (Figs. 2.67C, D and 2.81C, D). 

Even though there is some correspondence in mineral unit morphology and size, 

and the extent of primary porosity and fabric of occluded biopolymers between 

prismatic aragonite in H. ovina and that in A. islandica, the kinetics of carbonate phase 

replacement is distinct for the two microstructures (Figs. 2.65A, C). In A. islandica, where 

small, irregularly shaped aragonite mineral units comprise the shell; replacement 

between carbonate phases is rapid and extensive, while replacement in the outer shell 

layer of H. ovina, where the shell consists of larger aragonite prisms, is slow and patchy. 

In addition, the difference between pristine and altered prismatic aragonite in H. ovina 

(compare pole figures and MUD values of Fig. 2.67A and D) is such that in the altered 

shell the size of aragonitic prisms increases while the strength of aragonite co-orientation 

decreases. This can be seen in the pole figures and the decreased MUD value (compare 

Fig. 2.67A with right hand part of Fig. 2.67A, the part framed in green). 
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In the pristine shell of M. edulis each calcite fibre is wrapped in an organic sheath. These 

decompose during alteration and leave space for fluid permeation and inorganic calcite 

reprecipitation. The comparison of Figs. 2.68A to C and Figs. 2.82A to B and 2.83 

demonstrates that alteration of M. edulis calcite fibres at 175 °C, in the presence of a 

Mgrich fluid, results in severe distortion of the fibres. Crystal coorientation strength for 

fibrous calcite decreases markedly, from an MUD value of 381 in pristine to 79 in altered 

shell (Figs. 2.68A, C). In contrast to the calcitic fibrous microstructure, and similar to H. 

ovina nacre, after 35 days of alteration (175 °C, in the presence of a Mg-rich fluid), there is 

no significant change between pristine and altered M. edulis aragonite nacre (Figs. 2.68B, 

D, 2.82C, D). In altered M. edulis amalgamation of nacre tablets can be observed (yellow 

stars in Fig. 2.82D), and a slight decrease in aragonite crystal co-orientation strength 

(pristine nacre: MUD 129; altered nacre: MUD 105). 

 

 

Figure 2.68: Colour-coded EBSD orientation maps with corresponding pole figures depict 

differences in microstructure and texture between pristine (A, B) and hydrothermally altered (C, 

D) Mytilus edulis shells. Alteration lasted for 35 days and was carried out at 175 °C in a Mgrich 

fluid. The EBSD colour code used is shown in (B); crystal co-orientation strengths, expressed with 

MUD values, are given on each EBSD map. Hydrothermal alteration induces a significant change 

in pristine M. edulis calcite fibres (compare panels A and C). The strength of calcite co-orientation 

decreases from an MUD of 381 in the pristine (A) to a MUD of 79 in the altered shell (C), 

respectively. In the overprinted sample (C), morphology of calcite fibres is highly distorted due to 

profound fibre amalgamation. In contrast, nacre in M. edulis was little affected by the applied 

hydrothermal alteration conditions (D); a slight decrease in MUD and sporadic tablet 

amalgamation can be observed. Otherwise, tablet morphology is not distorted. 
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Alteration pathways 

Major changes in microstructure which develop during different alteration times are 

depicted in Figs. 2.84 to 2.86. Subsequent to decomposition of organic material, for all 

investigated skeletons, we find that one of the first steps in the alteration process is an 

increase in mineral unit dimension relative to that in the pristine skeleton. In the Porites 

sp. coral skeleton, individual spherulites grow together (white stars in Fig. 2.84B, C) and 

form large and compact entities. Even though the alteration fluid accessed the skeleton 

from all sides, calcite formation in Porites sp. starts within the skeleton and proceeds 

outward toward the outer perimeter of the hard tissue (Fig. 2.84D). An increase in 

mineral grain size with progressive alteration can also be observed for both 

microstructures that constitute the shells of H. ovina (Fig. 2.85) and M. edulis (Fig. 2.86). 

As the organic sheaths around the mineral units decompose, space becomes available for 

new mineral formation. Aragonite prisms, calcite fibres, and nacreous tablets increase in 

size until they abut each other. In particular, the nacreous microstructure, irrespective of 

its specific arrangement into columns or sheets, and the calcite fibres form compact 

entities in response to alteration. In addition to an increase in fibre dimension, M. edulis 

calcite fibre morphology becomes highly distorted with progressive and long alteration 

duration. Even though the prisms of the prismatic shell layer in H. ovina also 

amalgamate, due to their slightly rounded and irregular morphology, voids become 

entrapped in this layer of the shell. 

A further characteristic caused by hydrothermal alteration is the significant rise 

in porosity within individual mineral units (Fig. 2.69). Even though the latter grow 

together at their perimeters (Fig. 2.70) a multitude of nanopores develop within the 

mineral units due to decomposition of biopolymer fibrils that is present in mineral units 

of the pristine skeletons (e.g., Griesshaber et al., 2013; Casella et al., 2018a, 2018b). 

However, as Fig. 2.71 shows, the inorganic calcite that forms from the altered biogenic 

aragonite is devoid of pores. The patches of pores that are visible within the newly 

formed calcite (white arrows in Fig. 2.71) are all residues of the incorporated altered 

biogenic prismatic aragonite. Our results indicate that major features of the mesoscale 

original microstructure are retained even at advanced stages of alteration (Fig. 2.87). In 

the shell of H. ovina, for instance, where prismatic aragonite is almost entirely replaced 

by calcite (Fig. 2.87), the original gradation in mineral unit size towards the rim of the 

outer shell layer is retained. Large newly formed calcite crystals (white stars in Fig. 

2.87B) are within the central part of the shell next to nacreous aragonite and decrease in 

size towards outer shell portions (Fig. 2.87B) – as it is the case in the unaltered prismatic 

aragonitic shell. 
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Figure 2.69: Distortion of basic mineral unit morphologies, basic mineral unit amalgamation, and 

development of porosity in hydrothermally altered shells and skeletons. (A) Arctica islandica, (B) 

Porites sp., (C) Haliotis ovina, and (D) Mytilus edulis. Hard tissue material was altered for 35 days, 

at 175 °C in the presence of a Mg-enriched fluid. 

 

 

Figure 2.70: Nacre tablet amalgamation in hydrothermally altered Haliotis ovina (A) and in Mytilus 

edulis (B) shells. Hard tissue material was altered for 21 days, at 175 °C in the presence of an 

alteration fluid enriched in Mg. 

Our results highlight that among all investigated microstructures, the nacreous 

microstructures are most resistant to hydrothermal alteration, irrespective of tablet 

thickness or their mode of organisation (columns or sheets). We observed that 

replacement of biogenic nacreous aragonite by inorganic calcite takes place with the  
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Figure 2.71: Distinctness in porosity between hydrothermally-altered biogenic prismatic aragonite 

and newly formed inorganic calcite. White arrows point to the aragonite interspersed with calcite; 

the aragonite is not yet fully consumed and replaced by calcite. 

formation of various microstructural and chemical intermediate stages. These are 

described in detail for H. ovina nacre and are illustrated in Figs. 2.72 to 2.74 and 2.88 to 

2.90. Alteration of bivalve and gastropod nacre starts (i) with the decomposition of 

organic biopolymers between and within the tablets. This is followed by (ii) overgrowth 

with the original phase (aragonite) onto tablet rims and results in tablet amalgamation. 

Ongoing alteration (iii) destroys tablet assembly (blue stars in Fig. 2.72A, B) up to the 

complete obliteration of the nacreous microstructure (yellow stars in Figs. 2.72A, B, 

2.73A, B). However, as the phase map in Fig. 2.72E shows, a phase replacement of 

biogenic aragonite by inorganic calcite does not take place at this stage of overprint. Our 

results show that the microstructure is destroyed first; replacement of one carbonate 

phase by another occurs subsequently (Fig. 2.72). During alteration in a Mg-rich fluid, a 

Mg-rich seam of calcite is always present at the phase replacement front, between the 

newly formed calcite and the highly overprinted nacreous aragonite (white arrows in 

Figs. 2.72A, D, 2.89, white arrows in Fig. 2.90A). Based on differences in Mg-contents, we 

find different metastable Mg-rich carbonates with a calcite-type structure and 

compositions from dolomitic to ca. 80 mole% magnesite (Figs. 2.73, 2.74, 2.90). These 

segregate between the “final” low-Mg calcite and the overprinted (reworked) aragonite 
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(Figs. 2.74, 2.90). The last step in the replacement of biogenic nacreous aragonite by 

inorganic calcite is (iv) the formation of low-Mg calcite (the final calcite), which in the 

final stage of alteration constitutes the overprinted hard tissue. We could often observe 

that despite the change from one carbonate phase into another, the newly formed calcite 

retains much of the original mesoscale morphology of the mineral units inherited from 

the pristine biogenic skeleton. 

 

 

Figure 2.72: Microstructural and chemical stages in the replacement process of biogenic nacreous 

aragonite by inorganic calcite. Haliotis ovina shell material was subjected to hydrothermal 

alteration for 35 days at 175 °C in a Mg-enriched hydrothermal fluid. (A) SEM image depicting 

the replacement front between nacreous aragonite and newly formed calcite. Blue stars in (A): 

nacre tablets forming columns; some traces of the original microstructure can be still observed. 

Yellow stars in (A): a formerly nacreous shell layer, but, at this stage of alteration, the nacreous 

microstructure is completely erased. White arrows, white star in (A): high-Mg intercalation 

between the newly formed calcite and the overprinted, formerly biogenic, aragonite (yellow stars 

in A). (E) Phase map derived from EBSD showing the newly formed calcite (red) and biogenic 

aragonite (blue). Note that even though the tablet microstructure cannot be discerned any more, 

the original mineralogical phase (aragonite) is still preserved. The white star in (E) marks the 

region where high-Mg calcite intercalation is located, which, in the presence of a Mg-rich fluid, is 

always present at the replacement front between inorganic calcite and biogenic aragonite. (D) 

EDX map showing the enrichment in Mg at the transition front in yellow. (B, C) EBSD band 

contrast shown in grey, and colour-coded orientation maps, respectively depicting traces of 

columnar aragonite (blue stars in B) and overprinted aragonite (yellow stars in B). Coloured in 

(B): newly formed calcite. Shell layer which is marked with a white dashed rectangle in (B) is 

shown enlarged in (A). (C) Colour-coded EBSD map of aragonite; in light grey: newly formed 

calcite, in dark grey: rim containing high-Mg calcite. 
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Figure 2.73: Replacement of biogenic aragonitic nacre by inorganic calcite. (A): SEM image 

showing the nucleation and growth of inorganic calcite within shell aragonite. Note the residual 

aragonite (red arrows in A and C) replacing the calcite crystals (yellow arrows in A and C). 

Yellow stars in (A): faint traces of nacre columns. (B) SEM image depicting the formation of high-

Mg calcite crystals (black and white star) within overprinted, originally nacreous shell layer 

(yellow star in B). Tablet assemblages of columns (yellow star in B) are still perceivable. (C, D) 

EDX map showing in yellow the presence of calcite crystals with high-Mg content (white and 

yellow arrows in (C), black and white star and white arrows in (D). Red arrows in (C): traces of 

occluded aragonite distinguished by a low Mg content. White arrows in (C, D): high-Mg streaks 

that form in cavities between nacreous tablets subsequent to the decomposition of biopolymer 

membranes around the tablets. 

2.4.5 Discussion 

Biomineralised tissue provides the bulk of fossil material that is used for geochemical 

analysis. As all fossil archives are overprinted to some degree, it is of major importance 

to identify those that are subject to minor and moderate degrees of overprint, as (i) these 

are the materials that contain most primary information, and (ii) identification of 

extensive overprint is not challenging, as a severely overprinted microstructure is either 

highly distorted or is completely destroyed. The latter two characteristics are easily 

identified, while microstructures with a low to moderate degree of overprint are difficult 

to recognise and to detect.  
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Figure 2.74: Enlargement of image shown in Fig. 2.73B and D. Mg contents of newly formed 

metastable Mg-rich carbonates with a calcite-type structure and compositions from dolomitic to 

about 80 mole% magnesite. The columnar assembly of tablets around the calcite is still 

perceivable (white stars in A, B). Yellow arrows in (A, B) point to the deposition of high-Mg 

calcite which fills voids and cavities between former nacreous tablets.  

Accordingly, important questions that arise in this context are as follows: what are the 

intermediate steps of diagenetic alteration? What is modified first, easily destroyed 

and/or keeps for a short time only? The original skeletal microstructure, the original 

mineralogical phase, the geochemical information? What happens to the original 

geochemical information that is stored within the biogenic archive? On a broader scale, 

can we identify major pathways of diagenetic overprint? What determines the 

preservation potential of a fossil archive?  

The process of overprint  

Diagenetic overprinting of biogenic carbonates encompasses morphological and 

chemical changes that take place during post-mortem alteration. Fluids act as catalysts 

for the alteration reactions at fluid-rock contacts and allow the overprint reactions to 

proceed at a rapid rate (Brand, 1994). This response is in contrast to solid-state alteration 

in dry systems, where overprint kinetics is much slower. Brown et al. (1962) have shown 

that replacement of aragonite by calcite at Earth surface pressure and temperature 

conditions is 10 orders of magnitude faster in the presence of water compared to dry 

conditions. Accordingly, with the death of the organism and burial in sediments, 

biomineralised hard tissues become subject to diagenetic overprint, to solvent-mediated 
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phase replacement (Cardew and Davey, 1985), or the coupled dissolution of the original 

material and the reprecipitation of the new product(s) (Putnis, 2002, 2009). 

It has been shown for inorganic systems that coupled dissolution–reprecipitation 

is highly influenced by the availability of interfaces, the reactivity of surfaces, and the 

extent and topological characteristics of the original and newly formed porosity (Putnis, 

2002, 2009; Arvidson and Morse, 2014; Ruíz-Agudo et al., 2014). It is demonstrated that 

coupling of the two (sub)reactions takes place when the rate of dissolution of the original 

phase and the rate of crystallisation of the product is almost equal. This has the effect 

that coupled dissolution-reprecipitation of mineral replacement proceeds with 

preservation of the external shape of the primary mineral, and leads to formation of 

pseudomorphs (Xia et al., 2009a; Qian et al., 2010). Is the coupling between dissolution 

and recrystallisation well balanced, delicate microtextural features are well preserved, 

e.g. twin boundaries (Xia et al., 2009b) or even small features such as exsolution lamellae 

(Altree-Williams et al., 2015). 

In inorganic materials microstructural elements such as grain boundaries are of 

key importance for the progress of the overprint process as at the first stages of 

alteration, these provide the pathways for fluid infiltration and percolation through the 

material (Etschmann et al., 2014; Jonas et al., 2014). In inorganic systems, mass transfer 

along grain boundaries is an order of magnitude faster than through the porosity which 

forms as a result of the mineral replacement reaction (Etschmann et al., 2014; Jonas et al., 

2015). However, with progressive alteration an interconnected pore system develops in 

inorganic materials (Putnis, 2002, 2009; Pollok et al., 2011; Ruíz-Agudo et al., 2014; 

Altree-Williams et al., 2015) and allows (in ideal cases) for continuous communication 

between the bulk aqueous phase and the primary and secondary phases at the reaction 

front (Putnis, 2002, 2009; Etschmann et al., 2014). Besides, pore formation also develops 

as a direct consequence of the mineral replacement process, in those cases where the 

molar volume change involved in the reaction is negative. A further source of porosity 

development during mineral replacement relates to the difference in solubility between 

the primary and secondary phases (Pollok et al., 2011). Porosity is generated when the 

primary phase is more soluble than the secondary phase, as a small amount of the latter 

precipitates after dissolution of the former. In the case of the investigated biogenic 

carbonates, even though the solubility of biogenic aragonite is higher than the solubility 

of inorganic calcite, the solubility difference is not large enough to compensate the 

positive volume change in the dissolution-reprecipitation reaction. A positive molar 

volume change of only 8.12 % is associated with the replacement of aragonite by calcite 

(Perdikouri et al., 2011, 2013). 

Perdikouri et al. (2011) investigated the replacement of inorganic aragonite by 

inorganic calcite. The authors immersed inorganic aragonite in pure water and in 

solutions which contained calcium and carbonate, with the solutions being saturated 



Results and discussion 

 

157 

 

with respect to calcite but undersaturated with respect to aragonite. In experiments 

which were carried out in the presence of water, a replacement was not observable, even 

after an entire month, unless the solution temperature was equal or higher than 180 °C. 

However, even at elevated temperatures there was only a narrow rim of aragonite 

replaced by some calcite overgrowth. The newly formed calcite was devoid of pores; 

hence, there was no communication between the bulk aqueous phase and the phases at 

the reaction front. It sealed the aragonite and prevented further progressive replacement. 

By using aqueous solutions containing calcium and carbonate Perdikouri et al. 

(2011) obtained different results. When the composition of the solution was 

stoichiometric, comparable results were obtained to the experiment with water: little 

replacement of the original material and the formation of a non-porous calcite 

overgrowth. In contrast, at alteration in a non-stoichiometric solution, the amount of 

calcite overgrowth was still small; however, a high degree of replacement was achieved. 

This effect was increased even more by the absence of calcium in the solution. 

The experiments of Perdikouri et al. (2011) demonstrate the importance of 

porosity and porosity generation for the progress of dissolution–reprecipitation reactions 

and allude to at least one fundamental difference between biologic and inorganic 

carbonate hard materials. The absence of primary porosity in inorganic carbonates as 

well as the (almost complete) drop out of secondary porosity formation. The latter 

should have been generated at early stages of alteration due to the positive molar 

volume change that is involved in the aragonite by calcite replacement. However, the 

only porosity that might have been generated in inorganic carbonate systems arises from 

the minor difference in solubility between aragonite and calcite. As the solubility 

products of the two main carbonate phases are similar, very little porosity formation can 

take place, and consequently, (i) the replacement of inorganic aragonite by inorganic 

calcite occurs at a very slow rate and (ii) is significantly less pervasive as it is the case 

when biogenic aragonite is altered into inorganic calcite. 

Biological hard tissues are hierarchically organised composite materials where at 

all scale levels we find an interlinkage of biopolymers with minerals (Levi-Kalismann et 

al., 2001; Marin and Luquet, 2004; Mayer, 2005; Li et al., 2006; Metzler et al., 2007; Checa 

et al., 2009). The degradation of biopolymers, being occluded within and between the 

mineral units of the hard tissue, provides the necessary network of interconnected 

porosity (Figs. 2.69, 2.70, 2.71, 2.84, 2.85, 2.92). The porosity network not only facilitates 

alteration, it drives and accelerates it. Our results show that, for biological carbonate 

tissues, the presence of primary (inherent) and secondary (induced) porosity, together 

with the characteristics of the porosity network, determines the kinetics and extent of the 

alteration. Furthermore, the transient character of porosity additionally influences 

mineral replacement reactions: apart from porosity generation, porosity coarsening and 

porosity closure are widespread phenomena. These modify the geometry of the porosity 
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network, increase its tortuosity, and reduce its permeability, thereby affecting mass 

transfer at the interface between the bulk solution and the original mineral phase and 

hinder physicochemical re-equilibration. 

Porosity characteristics are different for the different microstructures investigated 

in this study (Fig. 2.64). Primary porosities are present in the shell of A. islandica and in 

the prismatic shell layer of H. ovina. Although the skeleton of the coral Porites sp. is 

compact, the coral skeleton has a particularly high surface area, as the skeleton consists 

of various combinations of vertical and transverse elements, with most of these being 

developed as thin lamellae. Mineral units which comprise these skeletal elements consist 

of irregularly organised clusters of closely packed aragonitic needles. The centres of 

calcification are the primary pores in the skeleton of Porites sp. However, these are in 

general not interconnected, and thus, do not facilitate transfer of solutes towards and 

away from the reaction front to a large extent. Stacks of calcite fibres in M. edulis and the 

nacreous tablet arrangements in M. edulis and H. ovina are the most compact 

microstructures investigated in this study. These materials lack primary porosities. 

Nonetheless, when the shells are altered, the extent of alteration-induced secondary 

porosity is high in nacreous shell portions, as the occluded intra-tablet membranes and 

inter-tablet fibrils decompose and leave space behind for extensive fluid circulation. 

The effect of microstructure – intermediate stages 

A still unsolved problem in palaeoenvironmental reconstruction is the assessment of the 

extent of diagenetic overprint that compromises the fidelity of geochemical proxies. One 

strategy is to use numerical approaches for the quantification of the extent of diagenetic 

alteration. These are based either (i) on the comparison of element to Ca ratios and 

associated partition coefficients or (ii) the comparison between isotope compositions of 

the pore fluid and that of the precipitate (Regenberg et al., 2007, and references therein). 

In a previous study (Casella et al., 2017), we reported experimental data for A. islandica 

shell material for the replacement reaction of biogenic aragonite by inorganic calcite. In 

the present study, we extend our previous work with the investigation of additional 

carbonate skeletons, and thus, other mineral fabrics. One of the major goals of this study 

is the reliable identification of the first stages of alteration and the attempt to 

qualitatively assess diagenetic alteration based on microstructural reorganisation. 

For these targets, we apply statistical grain-area evaluation and develop this 

approach as a qualitative tool for the detection of incipient to moderate diagenetic 

overprint. Figures 2.75 and 2.91 show relative frequency to grain-area (area of mineral 

units in the case of biological hard tissues) diagrams for the pristine and the most altered 

(alteration for 35 days, at 175 °C, in Mg-rich fluid) skeleton equivalents. Grain-area data 

are obtained from EBSD measurements. A grain is defined as a region that is completely 
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bounded by boundaries that have a misorientation angle larger than a critical value, the 

critical misorientation value. Griesshaber et al. (2013) empirically determined that a 

critical misorientation value of 2 ° suits best the microstructure of modern carbonate 

biological hard tissues. By using this value we differentiate between individual mineral 

units (e.g., fibres, tablets, prisms, columns). 

The compilation in Fig. 2.75 clearly demonstrates the influence of the biogenic 

microstructure on the ability to withstand or to yield to alteration. The relation of log 

(frequency) vs. log (grain area) is linear for A. islandica, M. edulis calcite and Porites sp. 

aragonite, and is a clear indication of the fractal distribution in the microstructures of 

these skeletons. 

The least difference in grain areas between pristine and most altered states was 

observed for A. islandica aragonite (Fig. 2.75A), while the most significant difference we 

found for M. edulis fibrous calcite (Fig. 2.75E). For Porites sp. acicular aragonite and H. 

ovina prismatic and nacreous aragonite we find a perceivable, but small difference in 

grain area between the pristine and the most altered states. For M. edulis nacre the 

majority of grain-area data overlap. Even though, for this type of microstructure as well 

some large grains also formed in the altered shell (Fig. 2.91). 

As described previously, subsequent to the destruction of organic sheaths, 

membranes, and fibrils, the amalgamation of mineral units is the next and a highly 

drastic step in the overprint process. Inorganic mineral precipitation starts in cavities 

between the mineral units and in voids within them (e.g., Figs. 2.70, 2.92; Casella et al., 

2018a, 2018b). It is important to note that this void filling occurs prior to carbonate phase 

replacement, and thus, prior to inorganic calcite formation. With EBSD we not only 

measure patterns of crystal orientation but determine the mineralogical phase of the 

hard tissue as well. At this early stage of alteration the newly formed crystallites that are 

deposited between the mineral units retain the phase of the host crystal and often even 

the crystallographic information of the mineral in the pristine skeleton. Thus, in 

aragonitic biogenic microstructures, inorganic aragonite will precipitate, while in calcitic 

biogenic microstructures inorganic calcite will form. Syntactic nucleation of a secondary 

phase that has the same mineralogical nature as the primary phase is prompted by the 

reduction of the energy barrier associated with heterogeneous nucleation in contrast to 

homogenous nucleation from a bulk aqueous solution. This barrier is reduced even 

further as a result of a perfect match between the crystal lattice of the original and the 

secondary phase. The reduction in the energy barrier explains the preference of 

inorganic aragonite formation on biogenic aragonite at the first stages of the alteration 

process, rather than the crystallisation of the more stable inorganic calcite. 
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However, due to its composite nature, biogenic aragonite is more soluble than inorganic 

aragonite and even more soluble than inorganic calcite. Thus, an aqueous solution in 

equilibrium with biogenic aragonite is supersaturated with respect to both: inorganic 

aragonite and inorganic calcite. As aragonite nucleation on existing biological aragonite 

can be epitactic, the much better match across the interface makes it more likely that 

inorganic aragonite is formed on the pre-existing biogenic aragonite, even though calcite 

is the more stable phase at Earth’s surface pressure and temperature conditions. Free 

energies and solubilities of the two carbonate phases are close enough that the lower 

energy barrier associated with epitactic nucleation kinetically favours the formation of 

new aragonite on the surface of the pre-existing aragonite (Fernández-Díaz et al., 2009; 

Roncal-Herrero et al., 2017; Cuesta Mayorga et al., 2018). This feature also has been 

observed in nature. Hover et al. (2001) report early diagenetic overprint of foraminifera 

and green algae skeletal hard tissues and demonstrate that the overprint mechanism is 

the coupled process of dissolution and reprecipitation. The authors find thin 

overgrowths on the mineral units of the original hard tissues and show that the 

precipitated material is largely similar in composition and structure to that of the host 

crystallites. Accordingly, aspect ratios of the mineral units change as their original 

morphologies become distorted (Figs. 2.70, 2.83, 2.92), and compaction of the hard tissue 

is the result (e.g., nacre tablets). Hence, even though already altered, the gross 

microstructure of the shell or skeleton is, at this early stage of alteration, not modified to 

a large degree. We observe that alteration occurs in two stages: (1) related to the original 

carbonate phase of the hard tissue, overgrowth of inorganic aragonite or inorganic 

calcite in voids and pores without major destruction of the original microstructure, and 

(2) phase replacement, with new phase formation and distortion of the original 

microstructure, up to its complete destruction. These processes involve the constant 

rearrangement of pores, which in this case is driven by the free energy reduction 

associated with the increase in the volume to surface ratio of the mineral units. 

We observed the above described features for all investigated microstructures 

(Fig. 2.75B to F) except for the aragonitic microstructure of the shell of the bivalve A. 

islandica (Fig. 2.75A). Aragonitic grains in A. islandica shell are small and are embedded 

in a network of biopolymer fibrils (Casella et al., 2017). The thin fibrils are easily 

destroyed when altered and leave behind a network of voids and cavities, which 

facilitate fluid infiltration and permeation through the shell. In addition, the large 

number of small mineral units gives rise to exceedingly large surface areas where the 

fluid can get into contact with the mineral. Carbonate phase alteration kinetics in A. 

islandica shell is sluggish at first. However, once the nucleation barrier is overcome and 

the alteration process is started, it proceeds instantly (Figs. 2.65A, 2.79A; Casella et al., 

2017). Thus, overgrowth of inorganic aragonite in voids and mineral unit amalgamation 

are masked by the rapid replacement of biogenic aragonite by inorganic calcite. The high 
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volume of interconnected porosity and the presence of the thermodynamically less stable 

biogenic aragonite explain why alteration in A. islandica becomes active after such a 

short time when being in contact with the diagenetic fluids. The topological 

characteristics of porosity facilitates the coupling between the rate of aragonite 

dissolution and the rate of calcite reprecipitation. This, in turn, explains the minor 

difference in mineral unit and grain area found in the hard tissue of A. islandica between 

the pristine and the most altered states (Fig. 2.75A). 

In contrast, M. edulis calcite shows the most significant difference in grain area 

between the pristine and the most overprinted states (Fig. 2.75E). When altered, the 

morphology of calcite fibres becomes distorted (Fig. 2.83A) and fibre amalgamation is 

substantial leading to the formation of large and highly irregularly shaped mineral units 

(Fig. 2.83B). In the pristine state, calcite co-orientation strength is high in M. edulis, we 

find a single-crystal-like distribution of c∗- and a∗-axes (Figs. 6 and 7 in Schmahl et al., 

2012). Hence, many neighbouring calcite fibres are highly co-aligned, a circumstance that 

favours the amalgamation of similarly oriented fibres (Fig. 2.83B). The nacreous shell 

layer in M. edulis is little affected by alteration (Figs. 2.75F, 2.91A, B), even though nacre 

tablet amalgamation is readily perceivable. The nacreous shell part grows to a compact 

entity and becomes sealed and protected against fluid infiltration. This explains the 

observation of remnants of pieces of nacreous shell surrounded by calcite (Brand, 1994) 

as well as the prevalence of the nacreous shell part of M. edulis relative to calcitic shell 

pieces in seashore sediments. 

Nacre in H. ovina behaves slightly differently when hydrothermally altered (Figs. 

2.75D, 2.91A, C). In H. ovina, nacre tablets are assembled to columns and tablet 

dimensions are smaller than those present in M. edulis. In both shells, that of M. edulis 

and of H. ovina, nacre tablets are encased by organic sheaths (Addadi et al., 2006; Checa 

et al., 2006, 2009, 2011; Barthelat and Espinosa, 2007). Compared to M. edulis nacre, nacre 

in H. ovina has a larger organic-mineral interface and mineral surface area per volume 

fraction of shell. Nacreous tablet amalgamation and compaction occurs in the shell of H. 

ovina as well. In contrast to M. edulis, H. ovina nacre exhibits a distinct increase in grain 

size in the altered hard tissue. Due to the larger interface and surface area in H. ovina 

nacre alteration fluids infiltrate the shell more intensely, and dissolution-reprecipitation 

occurs to a higher extent. Hence, overprint is more significant and becomes more 

evident. The same argument holds for prismatic aragonite found in H. ovina (Fig. 2.75C) 

and acicular aragonite in Porites sp. (Fig. 2.75B), where, in both examples, prior to 

replacement of biogenic aragonite by inorganic calcite, mineral units increase in size in 

the altered skeleton. It is important to note that the mineral unit size increase is 

accompanied in H. ovina and Porites sp. by partial closure of the porosity, as the newly 

formed calcite is completely devoid of pores (Figs. 2.71, 2.73, 2.74, 2.80B, 2.85B). The 
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partial closure of pores explains the low degrees of replacement that we find in these 

hard tissues even after long alteration periods (Fig. 2.65). 

Our study clearly shows that, of the investigated aragonitic microstructures, 

nacre is the most resistant to replacement with calcite, irrespective of the assembly 

pattern of the tablets to columns or sheets. Porosity closure and mineral unit (nacre 

tablet) amalgamation at first completely recasts the original microstructure – however, 

they preserve the original phase (Figs. 2.72A, 2.92A, B). Hence, even though nacreous 

aragonite is still present in the shell as aragonite, it is an overprinted aragonite that holds 

little of the original microstructural or geochemical signature. With an increasing degree 

of alteration, the “remoulded” aragonite becomes replaced by inorganic calcite. The 

outcome of our alteration experiments leads to the conclusion that the microstructural 

signature is lost first (prior to a complete loss of the original mineralogical phase) while 

the geochemical information is still retained in the mineral, at least to some degree. 

When alteration takes place in a Mg-rich fluid, metastable high-Mg carbonates are 

present at the original-material – newly formed product interface, in addition to the 

“final” inorganic, low-Mg calcite. These high-Mg carbonates have a calcite-type structure 

and Mg-contents ranging from dolomitic to about 80 mol% magnesite (Figs. 2.72A, 2.74). 

We clearly see an evolution in fluid composition at the alteration front due to an 

evolution in cation- anion exchange between the alteration fluid, the overprinted 

original, and the newly formed carbonate products. 

Implications for preservation in the fossil record 

Several studies have shown that in modern cold and warm water environments 

aragonite dissolution takes place during burial diagenesis (e.g., Cherns et al., 2008, and 

references therein). It has been further demonstrated that, in Palaeozoic marine fossil 

faunae, the taxa with calcitic skeletons prevail. This is an indication of preferential loss of 

aragonitic shells and skeletons due to dissolution during diagenetic overprint (e.g., 

Wright et al., 2003; James et al., 2005). In addition to preferential carbonate phase 

preservation, experimental studies document that the microstructure of the biogenic 

skeleton influences fossil preservation (e.g., Harper, 1998; Kidwell, 2005), leading to a 

possibly distorted notion of palaeoecological and evolutionary patterns. Accordingly, 

laboratory-based hydrothermal alteration experiments accounting for microstructural as 

well as mineral phase variability offer important insights into the fate of carbonate hard 

tissues (i) during early dissolution in shallow burial, and (ii) surviving dissolution and 

preservation in the fossil record. 

Do we see resemblances between the microstructural and chemical outcome of 

our alteration results and microstructural and geochemical features of fossilised hard 

tissues? It is remarkable that, even though our experiments lasted for only 35 days, were 
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carried out at a single temperature, and were performed in the presence of only one type 

of alteration fluid, there is much overlap between our experimental products and 

carbonates which underwent diagenesis. Several decades ago Friedman (1964) and Land 

(1967) reported on the early diagenesis of skeletal carbonates and carbonate sediments 

exposed to marine waters. The biological carbonates retained their original mineralogical 

and textural characteristics. They found that biogenic aragonite was dissolved for the 

reprecipitation of low-Mg calcite, with high-Mg calcite being an intermediate phase. Mg 

was removed from high-Mg calcite to yield low-Mg calcite, and, on a micrometre scale, 

without any textural change (Friedman, 1964). Land (1967) observed that skeletal 

aragonite was altered much quicker relative to non-skeletal aragonite grains. Brand 

(1989) investigated the replacement of biogenic aragonite by calcite in fossil molluscs 

(Boggy Formation, Oklahoma, U.S.A.). Screening of the mineralogy, microstructure, and 

chemical composition indicated that primary nautiloid aragonite was gradually replaced 

by diagenetic low-Mg calcite. During the initial stages of alteration, nacreous tablets 

fused to larger units (Brand, 1989). With further alteration, amalgamated nacreous 

aragonite was replaced by fine- or coarse-grained, low-Mg calcite. Brand (1989) noted 

that the composition of the original aragonite determined the elemental and isotopic 

composition of the calcite in the diagenetically altered shells. Furthermore, the author 

reported that grain size and surface area play an important role in the process of 

overprinting. Diagenetically overprinted aragonitic corals were investigated by Sorauf 

(1980), and Tomiak et al. (2016). The authors observed that during early diagenesis, 

subsequent to decomposition of organic matrices, aragonitic units formed through 

fusion of pristine skeletal elements. Pore space became filled prior to burial, with 

aragonite needles growing syntaxially on existing biogenic aragonite. Subsequent 

submarine diagenesis led to recrystallisation of fibrous aragonite into intermediate, 

micritic high-Mg calcite. Tomiak et al. (2016) and Regenberg et al. (2007) observed 

formation of new mineral overgrowth during early diagenesis of coral aragonite and 

planktonic foraminifera calcite. The latter, at first, retained and corresponded to the 

carbonate phase of the original pristine skeleton. Wardlaw et al. (1978), Sandberg and 

Hudson (1983), and Martin et al. (1986) described the influence of skeletal porosity as 

conduits for alteration fluids during diagenesis. As the replacement of aragonite by 

calcite is driven by the greater solubility of aragonite relative to that of calcite, during the 

replacement reaction the diagenetic pore fluid is undersaturated with respect to 

aragonite, while it is supersaturated with respect to calcite (Maliva et al., 2000). Hendry 

et al. (1995) proposed, on the basis of differences in degrees of supersaturation, a “two-

water diagenetic system” with a slow moving (at the dissolution-reprecipitation front) 

and a relatively fast moving (bulk pore water) alteration fluid. 

In our experiments we detected the following major steps and pathways of 

alteration: (i) decomposition of biopolymers, (ii) secondary porosity formation on 
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nanometre and micrometre scale levels, (iii) amalgamation of mineral units, (iv) 

destruction of the original microstructure with subsequent carbonate phase change, and 

(iv) chemical evolution of the alteration fluid. These stages were also observed in nature. 

Our experiments, which lasted only for 35 days in comparison to geologic time scales, 

create the constraint that major and drastic steps of alteration take place at the very 

initial stages of the overprint process. 

Finally, we restate our major question: what determines the preservation 

potential of a fossil archive? A major factor is the availability of porosity on all scale 

levels for fluid circulation. This enables a well balanced dissolution- reprecipitation to 

take place. The result is nucleation and epitactic growth of the original phase in voids 

and cavities at the sites of degraded biopolymers, leading to amalgamation of mineral 

units. The final result is the compaction of the entire hard tissue and protection from 

disintegration. 

2.4.6 Conclusions 

For an evaluation of the resistance of biogenic carbonate for withstanding diagenetic 

alteration, and an assessment of the ability of the biocarbonate microstructure to become 

preserved in the fossil record, we investigated the behaviour of six biogenic carbonate 

hard tissues during experimental hydrothermal alteration. Our main conclusions are as 

follows: 

1. alteration of biogenic aragonite into inorganic calcite starts along pathways where 

fluids can penetrate the mineralised tissue. It is fastest in hard tissues which contain 

primary porosity and are composed of irregularly shaped mineral units embedded 

in a network of biopolymer fibrils. The latter are easily destroyed providing 

secondary porosity, and together with the primary pores, ample space is provided 

for extensive fluid infiltration into, and percolation through, the hard tissue. 

Moreover, porosity is created at the transition front. This mode of overprint is 

observed for the prismatic aragonite shell layer of the gastropod Haliotis ovina and 

for the shell of the bivalve Arctica islandica. Overprinting of these hard tissues is fast 

and is completed with the formation of irregularly shaped and randomly oriented 

calcite crystals. 

2. The slowest alteration kinetics can be observed when biogenic nacreous aragonite is 

replaced by inorganic calcite, irrespective of the mode of assembly of the nacre 

tablets. Alteration proceeds through at least four intermediate stages: (a) 

decomposition of biopolymers and formation of secondary porosity; (b) lateral and 

longitudinal amalgamation of nacre tablets; (c) formation of a compact zone of 

amalgamated aragonite crystals at the alteration front, where the original nacreous 
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microstructure is destroyed but the original mineralogical phase is kept; and (d) 

complete replacement of the original microstructure and the mineralogical phase by 

the newly formed mineral product: inorganic calcite. This mode of overprint is 

observed in the nacreous shell portions of Haliotis ovina and Mytilus edulis. 

3. The acicular microstructure of the stony coral Porites sp. is highly resistant to 

alteration. When altered, aragonite needles amalgamate and form a cemented 

compact unit; however, they retain at first some morphological aspects of the 

original hard tissue. Replacement of biogenic aragonite by inorganic calcite starts in 

Porites sp. at centres of calcification within the coral skeleton, and proceeds from the 

latter into the hard tissue. 

4. For all investigated aragonitic hard tissues we first observe the destruction of the 

microstructure and subsequently the replacement of the original aragonitic phase by 

newly formed calcite. 

5. Alteration in the Mg-bearing fluid results in the development of a seam of high-Mg 

calcite between the altered, reworked aragonite and the newly formed calcite. 

Metastable Mg-rich calcite phases form with Mg contents that vary between 

dolomitic to about 80 mole% magnesite. This high-Mg calcite seam migrates with 

the alteration and phase transformation front. 

6. Differences in grain-area statistics in EBSD maps of pristine and altered skeletal 

equivalents demonstrates an increase in grain size of the originally biogenic 

carbonate phase within the altered hard tissues relative to that found in the pristine 

skeleton. Even though at early stages of alteration the original phase is retained, 

overprinting has already started with amalgamation of neighbouring crystals and 

formation of overgrowths. This is most pronounced in the calcitic shell layer of 

Mytilus edulis and is least observable for the grains which constitute the shell of 

Arctica islandica. 

7. Due to formation of overgrowths, preservation of the original phase is not a reliable 

indicator for original elemental and isotope signals. 
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2.4.9  Appendix 

 

Figure 2.76: SEM micrographs showing the acicular microstructure of the modern scleractinian 

coral Porites sp. (A), differently sized and oriented spherulites constitute the skeleton of Porites sp. 

When fractured in 2-D, differently oriented individual mineral units consisting of diverging 

aragonite needles emerge (encircled with white and yellow dashed lines in A). (B) Fracture 

surface image with top view onto bundles of aragonite needles. When needles show some co-

alignment, subunits with a closer packing of aragonite needles develop (yellow stars in B). On 

flat, 2-D surfaces (C) these co-aligned needles form irregularly shaped units with roundish 

morphology (yellow stars in C) that are separated from each other by a multitude of cavities (e.g., 

white arrows in C). 
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Figure 2.77: SEM micrographs of fracture surfaces showing the microstructures of modern shells 

of (A) the gastropod Haliotis ovina, and (B) the bivalve Mytilus edulis. White stars in (A) and (B) 

indicate the columnar and brick-and-mortar nacre in H. ovina and M. edulis, respectively, whereas 

yellow stars in (A) and (B) point to aragonitic prisms in H. ovina and calcite fibres in M. edulis, 

respectively. 

 

 

Figure 2.78: Schematic time line illustrating hydrothermal alteration times. (A) Arctica islandica, 

(B) Haliotis ovina, (C) Mytilus edulis, and (D) Porites sp.. Alteration time varied between one and 35 

days. 
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Figure 2.79: Selected X-ray diffractograms for pristine and hydrothermally altered (A) Arctica 

islandica, (B) Haliotis ovina, (C) Mytilus edulis, and (D) Porites sp. specimens (red arrows: calcite, 

black arrows: aragonite). Alteration was performed at 175 °C in a Mg-rich fluid simulating burial 

alteration (100 mM NaCl + 10 mM MgCl2 aqueous solution) and was carried out in a time range 

between one and 35 days. 
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Figure 2.80: EBSD band contrast measurements illustrating the difference in microstructure 

between the pristine and the most altered (A, B) Arctica islandica shells, and (C, D) Porites sp. 

skeletons. Hydrothermal alteration lasted for 35 days and was carried out at 175 °C in a fluid 

simulating burial diagenesis (100 mM NaCl + 10 mM MgCl2 aqueous solution). (A) The 

microstructure of the inner shell layer of pristine A. islandica consists of small round to elongated 

aragonitic mineral units. (B) Hydrothermal alteration for 35 days induces the replacement of 

biogenic aragonite by inorganic calcite comprising large calcite crystals. (C) Aragonite needles 

growing outward from centres of calcification (blue stars in C) are distinctive features of the 

microstructure of pristine Porites sp. skeletons. When altered for 35 days, large calcite crystals 

(white stars in D) develop and grow outward from the centres of calcification (blue stars in D). 

Even after 35 days of alteration, relicts of the original biogenic, acicular coral microstructure are 

still present and surround the newly formed calcite (D). 
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Figure 2.81: EBSD band contrast measurements illustrating the difference in microstructure 

between pristine and hydrothermally altered shells of the gastropod Haliotis ovina. Alteration 

occurred at 175 °C in Mg-rich fluid (100 mM NaCl + 10 mM MgCl2 aqueous solution) and lasted 

for 35 days. (A) Prismatic aragonite comprising the pristine outer shell layer. (B) After 35 days of 

alteration calcite crystals which increase in size towards the centre of the hydrothermally altered 

shell form. (C) Columnar nacre in the pristine shell, and (D) in the hydrothermally altered 

specimen. Nacre is highly persistent through the alteration conditions applied in our 

experiments. The original microstructural features are well retained, even after 35 days of 

alteration. 
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Figure 2.82: EBSD band contrast measurements illustrating the microstructures in pristine and 

hydrothermally altered Mytilus edulis shell. Alteration lasted for 35 days at 175 °C and was carried 

out in a fluid simulating burial diagenesis (100 mM NaCl + 10 mM MgCl2 aqueous solution). (A, 

B) Pristine and overprinted calcite fibres. White stars in (B) point to amalgamated neighbouring 

calcite fibres. (C, D) Pristine and overprinted nacre tablets. The nacre is assembled in a brick-and-

mortar arrangement. Even though the nacreous microstructure is very little affected by alteration, 

some amalgamation of nacre tablets (yellow stars in D) is perceivable in the altered sample. 

 

 

Figure 2.83: (A) EBSD band contrast and (B) colour-coded orientation maps of hydrothermally 

altered (35 days at 175 °C in the presence of Mg-rich burial water) Mytilus edulis calcite fibres. 

Significant distortion of fibre morphology and amalgamation into irregularly shaped and sized 

units can be observed (white stars in A). 
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Figure 2.84: Mineral units in the pristine and altered coral skeleton. (A) SEM image of pristine 

Porites sp. showing irregularly shaped, roundish aragonite entities separated from each other by 

cavities. (B, C) SEM images of altered Porites sp.; white stars: altered aragonite; yellow stars: coral 

aragonite now replaced by calcite. Yellow arrows in (B) point to the aragonite-calcite border. Red 

dashed rectangle in (B) indicates the skeletal region which is shown with a zoom-in in (B, C). 

Note the amalgamation of mineral units in the overprinted, but still aragonitic skeleton. (D) 

Porites sp. skeleton altered for 35 days. Large calcite crystal (yellow star in D) extending towards 

the rim of the skeleton framed by coral aragonite (white star in D). 

 



Results and discussion 

 

175 

 

 

Figure 2.85: SEM images of pristine and altered Haliotis ovina prismatic (A, B) and nacreous (C, D) 

aragonite. In comparison to the pristine microstructures, amalgamation of basic mineral units is 

one of the major characteristics of both microstructures in the altered shell. (B) New calcite 

formation (yellow stars in B) is significant in the prismatic shell layer (white stars in B), while it is 

absent in the nacreous shell layer (D). Note the compactness of the nacreous microstructure due 

to tablet amalgamation in (D), as seen more clearly in Fig. 2.67D. 

 

Figure 2.86: SEM images depicting microstructural characteristics of pristine and altered Mytilus 

edulis shell calcite and aragonite. (A, D) cross-sections of pristine calcite fibres (A), and nacre 

tablets (D). (B, C) Altered calcite fibres with the clear distortion of fibre morphology (C) after 21 

days of alteration. (E, F) Nacre tablets altered for 7 and 21 days. After 7 days of alteration, the 

development of porosity already is evident within nacre tablets (E). This porosity increases 

significantly, in addition to fibre amalgamation, with progressive alteration (F). 



Results and discussion 

176 

 

 

Figure 2.87: Retention of some characteristic features of the original biogenic microstructure with 

progressive alteration. In pristine Haliotis ovina there is a gradation in basic mineral unit size, such 

that large basic mineral units are in the central part of the shell next to the nacre (white stars in B). 

These decrease in size towards the outer rim of the skeleton. (A) EBSD band contrast and colour-

coded orientation image showing newly formed calcite in colour and nacreous aragonite in grey. 

(B) EBSD band contrast and colour-coded orientation image showing newly formed calcite in 

grey, nacreous and prismatic aragonite in colour. 
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Figure 2.88: SEM image showing an overall view of a cross section through the shell of Haliotis 

ovina which was altered for 35 days at 175 °C in Mg-rich solution. The white rectangle indicates 

the shell area where the insert of Fig. 2.72 and Fig. 2.88 zooms into. 

 

 

Figure 2.89: Shell segment of Haliotis ovina altered for 14 days at 175 °C in the presence of a Mg-

rich solution. Large newly formed calcite units grow from prismatic aragonite and are present 

within the shell next to the nacre (white stars in A and B). These are seamed by patches of a high-

Mg carbonate phase (encircled in A, indicated by white arrows in B), mainly located between the 

newly formed calcite and the overprinted prismatic aragonite. The newly formed calcite is framed 

by altered prismatic argonite, which has not yet been replaced by calcite (yellow stars in B). 
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Figure 2.90: Contact between newly formed calcite and overprinted nacreous aragonite in 

hydrothermally altered Haliotis ovina. Alteration occurred for 14 days at 175 °C in the presence of 

a Mg-rich solution. (A) SEM image showing an overview. Accumulations of high-Mg calcite 

within calcite can be observed (white stars and white arrows in A) at the alteration front to 

nacreous aragonite (yellow dashed line in A). Red dashed rectangle in (A) indicates the shell 

areas shown in (B) and (C). (B) Carbonate phase determination derived from EBSD. (C) 

Distribution pattern of high-Mg calcite determined with EDX. (D, E) EBSD band contrast (grey 

scale) and orientation (in colour) maps. (D) Band contrast map giving an overview of the 

aragonitic microstructure (in grey) which is overlain in colour by the distribution pattern of 

calcite. (E) Aragonite distribution and mode of orientation in colour overlain by the distribution 

of calcite in grey. 
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Figure 2.91: (A, B, C) Relative frequency vs. mineral grain area diagrams for pristine (filled 

symbols) and most altered (open symbols) Mytilus edulis and Haliotis ovina nacreous aragonite, 

respectively. For both nacreous structures we see basic mineral unit growth (tablet 

amalgamation) after performed hydrothermal alteration. This feature is most pronounced for 

tablet dimensions and mode of assembly in H. ovina nacre. Alteration occurred for 35 days in the 

presence of a Mg-enriched fluid at 175 °C. 
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Figure 2.92: SEM images showing the distortion of the nacreous microstructure prior to phase 

replacement. (A, B) Haliotis ovina nacre, (C, D) Mytilus edulis nacre. White arrows in (A) point to 

high-Mg calcite ‘spots’ at the replacement front between newly formed calcite and overprinted H. 

ovina shell aragonite. White stars in (A) point to areas at the phase replacement front where traces 

of the original microstructure (tablets, columns) can be still observed. (B) Overprinted aragonite 

in three different microstructures: amalgamated nacre tablets (yellow stars), over-worked, 

formerly tabular aragonite (blue stars), and amalgamated aragonite prisms (white stars). (C, D) 

Strong tablet amalgamation in M. edulis (white stars in D), tablet distortion (white arrows in C), 

and compaction of the nacreous microstructure. 
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3 Concluding summary 

The present dissertation covers systematic experimental studies on selected marine 

biocarbonate hard tissues (aragonitic and calcitic) in order to improve and extend the 

understanding of geochemical and physical impact of diagenetic overprint in fossil 

carbonate archives. Comparative studies of microstructure, texture, and mineralogy in 

modern pristine, hydrothermally altered, and diagenetically altered fossil materials were 

conducted to reach these objectives. The deployment of laboratory-based alteration 

experiments proved to be a useful tool to mimic diagenetic alteration processes 

occurring in nature and to understand diagenetic dissolution-reprecipitation reactions, 

as well as their impact on the preservation state of fossil material. 

Investigations regarding the replacement of biogenic aragonite by inorganic 

calcite in mollusc shells of modern Arctica islandica specimens during laboratory-based 

hydrothermal alteration and its associated change in microstructure and texture are 

summarised in chapter 2.1. Results were obtained mainly from EBSD measurements. 

The pristine shell of A. islandica exhibits three zones of varying porosity, pore size, and 

crystallite size. Minute aragonite mineral units constituting the pristine shell are 

penetrated by organic fibrils and surrounded by a network of organic matter. Increased 

Sr contents were observed at annual growth lines in both pristine and hydrothermally 

altered shells. Hydrothermal treatment using simulated burial and meteoric fluids at 

100 °C caused the decomposition of the majority of biopolymer matrices, as well as good 

preservation of the initial microstructure and mineralogy. Specimens treated 

hydrothermally for ≥7 days at 175 °C, however, exhibited complete decomposition of 

organic matter resulting in the formation of pathways for fluid penetration. In 

experiments carried out at 175 °C, the initially bio-aragonitic A. islandica shells were 

almost entirely replaced by inorganic calcite via dissolution-reprecipitation reactions. 

The usage of simulated meteoric fluid resulted in the formation of secondary calcite 

crystals which were much smaller in size than those observed in experiments using 

simulated burial fluid at identical experimental durations of 84 days. The difference in 

calcite grain sizes is attributed to the presence of Mg ions in the simulated burial fluid 

which inhibits calcite nucleation, and thus, promotes coarse grains. The presented results 

revealed that calcite nucleation and proceeding of replacement reactions took place at 

fluid-shell interfaces, i.e., at the exposed shell surfaces, in pores, and at growth lines. 

After a dormant time of four days newly formed calcite became detectable by powder 

XRD measurements, and subsequently, the replacement reaction proceeded within the 

following 2-3 days to almost completion. However, minor amounts of biogenic aragonite 

still remained after 84 days. The dormant time can be attributed to a low driving force 

for nucleation of inorganic calcite, albeit, future studies on the nucleation process are 
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necessary. The absence of bio-aragonite replacement at temperatures <175 °C contributes 

to explain why aragonitic or bimineralic shells and hard tissues have a good potential of 

preservation and therefore a complete fossil record. 

Utilising a multi-analytical approach (i.e., AFM, CL, FE-SEM, and EBSD) first 

success regarding the visualisation and reliable assessment of diagenetic overprint, as 

well as disclosure of differences in the degree of alteration/diagenetic overprint was 

achieved. Studies summarised in chapters 2.2 and 2.3 focused on bio-calcitic brachiopod 

specimens (pristine – reference, thermally and hydrothermally altered – mimicked 

diagenetic overprint, fossil – natural diagenetic overprint). Decomposition of organic 

matrices was observed under simulated dry and wet alteration conditions, and in 

naturally overprinted (fossil) samples. Dehydration of the biopolymer membranes and 

their detachment from low-Mg calcite fibres was observed in experiments lasting for 3 

days at 100 °C, whereas thermal degradation of biopolymers proceeded as destruction of 

almost the entire organic matrices was found in experiments lasting for 3 months at 

100 °C. Cavities between adjacent fibres and a myriad of minute holes within single 

brachiopod fibres formed as a consequence of the decomposition of organic matter 

creating fluid pathways. Mg-rich simulated burial fluid significantly affected the degree 

of fibre destruction by distortion of the morphology of low-Mg calcite brachiopod fibres 

to a higher degree than during hydrothermal alteration experiments using Mg-free 

simulated meteoric fluid. Hydrothermal alteration conducted on Terebratalia transversa at 

100 °C did not have a major impact on shell structure and morphology. Furthermore, no 

formation of secondary calcite was observed. However, hydrothermal experiments 

performed at 175 °C in simulated burial fluid caused recrystallisation of the nanomosaic 

structure of biogenic calcite to inorganic rhombohedral calcite. Concomitant 

amalgamation of fibres by lateral growth of secondary calcite into neighbouring biogenic 

calcite fibres, and formation of inorganic calcite between neighbouring brachiopod fibres 

were observed. As a consequence of locally occurring dissolution-reprecipitation 

reactions during hydrothermal treatment, varying degrees of alteration, partial 

amalgamation and distortion of fibres within the same shell were obtained. The 

combination of FE-SEM imaging of brachiopod fibre morphologies, and measurements 

of crystal orientation patterns obtained from EBSD allowed for the first qualitative (non-

altered, altered/overprinted) and quantitative (low, moderate, severe) assessment of the 

degree of diagenetic overprint in simulated and naturally altered (fossil) marine bio-

calcitic brachiopod shells. Furthermore, both analytical tools enabled the explicit 

identification of secondary inorganic calcite formation. Fossil samples of different 

geologic ages and sampling locations exhibited different degrees of diagenetic overprint 

as assessed by microstructural characterisation. Although the specific diagenetic 

conditions of the fossil specimens are unknown, it can be assumed that all samples must 

have experienced conditions of different diagenetic environments such as the burial 
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realm. The shell of naturally overprinted Ordovician Platystrophia laticostata showed the 

most severe diagenetic overprint expressed by the entire destruction of fibre 

morphology and substantial formation of secondary inorganic calcite. In contrast, the 

weakest natural diagenetic overprint was assessed in the shell of Jurassic Lobothyris 

punctata (Pliensbachian) which exhibited a good preservation state of fibre morphology 

and no precipitation of secondary calcite at sites of former organic matrices. Moderate 

natural diagenetic overprint was assessed in Jurassic Digonella digona and 

Quadratirhynchia attenuata shells in which overprinted shell parts were observed next to 

almost pristine shell morphologies. Overprinted sites were detected in the endopunctae 

and well-preserved fibres between single endopunctae in D. digona, whereas patchy 

amalgamation of fibres and secondary calcite formation between neighbouring fibres 

was observed in the impunctate specimen Q. attenuata. The results showed that CL 

imaging and EBSD measurements indicate comparable degrees of diagenetic overprint 

in (fossil) biogenic calcites (e.g., brachiopods). However, CL is a useful and rapid tool for 

the acquisition of a first impression on the existing diagenetic overprint and it should not 

be used as a single analytical tool for the assessment of the degree of diagenetic 

overprint. Thus, the first estimated degree of diagenetic overprint assessed in fossil 

biogenic carbonates needs to be further verified by AFM imaging of the nanostructure, 

and EBSD microstructure and texture analyses. The application of the presented multi-

analytical tools can be fully endorsed for identification of preservation states and 

degrees of diagenetic overprint in fossil biogenic carbonates. 

Hydrothermal alteration experiments of biogenic carbonates were expanded in 

order to study the influence of different microstructures on interface-coupled 

dissolution-reprecipitation reactions occurring in biogenic aragonites and calcites during 

mimicked diagenetic overprint in simulated burial fluid at 175 °C. Thus, four different 

specimens with overall six distinct microstructures were used for the experimental 

series: bivalve A. islandica (aragonitic mineral units), scleractinian coral Porites sp. 

(fibrous aragonite), gastropod Haliotis ovina (prismatic aragonite and columnar nacre), 

and bivalve Mytilus edulis (fibrous calcite and ‘brick-and-mortar’ nacre). Implications for 

fossil, overprinted carbonate materials and additional knowledge on their preservation 

potential, which is a crucial factor to allow for precise and correct reconstructions of 

palaeoclimate dynamics, may be deduced from the study summarised in chapter 2.4. As 

delicate biopolymer fibrils were easily decomposed at elevated temperature conditions, 

hard tissues comprised of small and irregularly shaped biogenic carbonate minerals 

surrounded or penetrated by organic matrices were more rapidly replaced by randomly 

oriented inorganic calcite crystallites during simulated burial diagenetic alteration. The 

interface-coupled dissolution-reprecipitation reaction was further promoted by the 

presence of primary porosity within pristine biocarbonate microstructures such as in the 

shell of bivalve A. islandica. Newly generated pore spaces found at sites of former 
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organic matter (secondary porosity) and initial primary porosity enabled extensive fluid 

infiltration as well as percolation through the biocarbonate skeletons. This allowed for 

rapid alteration kinetics as observed in the aragonitic shell of bivalve A. islandica and the 

prismatic shell layer of gastropod H. ovina. However, dissolution-reprecipitation 

reactions were slowest in nacreous biogenic aragonites of the bivalve M. edulis and 

gastropod H. ovina, and thus, independent of the mode of nacre tablet assembly. The 

alteration process of nacreous layers can be described by four stages and begins with (1) 

decomposition of biopolymers, and subsequently formed secondary porosity. (2) 

Neighbouring nacre tablets dissolve at their boundaries and laterally as well as 

longitudinally amalgamate due to recrystallisation processes. (3) Severe distortion of the 

initial microstructure, and thus, formation of a compact mineral area with preserved 

aragonitic mineralogy occurs at the fluid-solid interface, and is followed by (4) 

precipitation of secondary calcite. Among the investigated microstructures, acicular 

biogenic aragonite of the scleractinian coral Porites sp. exhibited the strongest resistance 

against simulated diagenetic alteration processes. However, slight replacement of 

biogenic aragonite by inorganic calcite was observed to start at organic-rich centres of 

calcification. The alteration process with concomitant fusion of neighbouring aragonite 

fibres and formation of a compact fabric proceeded towards the outer rim of the coral 

skeleton. Despite the occurrence of slight dissolution-reprecipitation reactions some 

morphological features of the initial microstructure were preserved. Generally, 

simulated diagenetic alteration of biogenic carbonate hard tissues started with distortion 

of the initial microstructure and was characterised by subsequent replacement by 

inorganic calcite. This process was valid for all aragonitic and calcitic microstructures 

utilised in this study. At contact zones between altered, compact aragonite and 

secondary calcite, a seam enriched in Mg was detected. This seam may be related to Mg 

present in the used simulated burial alteration fluid. A progressive decrease in Mg away 

from the aragonite-calcite interface allowed for tracing the chemical evolution of the 

utilised fluid. Statistical evaluation of grain sizes revealed differences in pristine and 

altered biogenic carbonate hard tissues towards grain coarsening caused by applied 

hydrothermal alteration. Even if the initial mineralogy was retained during early 

reaction stages, simulated diagenetic overprint caused the formation of mineral 

overgrowths as was detected, most severely, in the fibrous calcite layer of the M. edulis 

shell. However, the least difference in grain size distributions between pristine and 

altered aragonite was obtained for the shell of A. islandica. Thus, remnants of aragonitic 

hard tissues found in overprinted materials are fallacious, and more importantly, not 

suitable to be used as distinct indicators for initial elemental and isotope signals 

collected for palaeoclimate reconstruction studies.  

Alteration features caused by hydrothermal experiments (e.g., dissolution, 

secondary calcite precipitation, alteration of organic matter) resembled features observed 
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in diagenetically altered fossil specimens. Observed alteration features were 

independent of the initial mineralogy, and microstructure of the biogenic carbonates 

used in the present dissertation.  In naturally altered fossils, however, changes caused by 

diagenetic overprint were more distinct. In contrast to natural diagenetic processes, the 

used experimental setup was restricted to a closed system. Experimental pressures 

corresponded to the vapour pressure of water at the given temperatures. Thus, pressure 

conditions of natural diagenetic environments were not reached.  

Application of sophisticated preparation methods (e.g., selective biochemical 

etching, microtome polishing), statistical evaluation of grain size distributions, and a 

broad set of state of the art analytical tools (e.g., EBSD, EPMA, FE-SEM, AFM) allowed to 

deepen the current knowledge on diagenetic processes taking place in (fossil) biogenic 

carbonates. Further, it was demonstrated that deployment of specific tools such as CL, 

and statistical analysis of grain sizes allow for rapid assessments of the degree of 

diagenetic overprint of fossil carbonates prior to the application of slower but more 

precise tools. The presented results give new insights into preservation states of fossil 

biogenic carbonates on the micro- and nanoscales and, consequently, have a deep impact 

on the interpretation of fossil-based palaeoclimate research as they allow for the reliable 

identification of areas in fossil material which have not changed by the influence of 

diagenetic processes and, therefore, are most suitable for sensitive isotope analyses. 
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4  Outlook 

In order to obtain more profound insights into diagenetic alteration of fossil biogenic 

carbonates, and to decipher kinetic processes which occur during diagenesis, additional 

studies are required. Aspects of interest might cover following research topics: 

The present thesis showed extensive studies regarding hydrothermal alteration 

experiments of carefully selected biogenic carbonates carried out in order to mimic 

diagenetic alteration in the laboratory. Investigations of numerous biogenic carbonate 

hard tissues hydrothermally treated in mainly simulated burial, and partly simulated 

meteoric fluid emphasised their significance for gaining fundamental knowledge on 

versatile, yet complex diagenetic processes. To expand the existing experimental series 

performed in the framework of this dissertation, additional studies focussing on 

hydrothermal experiments with simulated meteoric fluid using identical biogenic hard 

tissues, experimental temperatures and durations should be carried out. Additional 

experiments utilising seawater in order to cover the third diagenetic regime (i.e., marine 

realm) and to complement the presented study are necessary not only for the purpose of 

comparison, but also to set a baseline for this diagenetic environment. The use of the 

same sample materials and experimental parameters might be helpful in order to 

compare results obtained for seawater with those presented in this thesis. 

Experimental hydrothermal alteration studies should be performed for longer 

periods of time (e.g., 4-24 months) on one specific bio-aragonite (fibrous and nacreous), 

and bio-calcite. These studies will be helpful to investigate if the process of aragonite 

replacement by calcite might be induced by longer experimental times even at low 

temperatures (<100 °C). Aragonitic bivalves are an appropriate sample material for 

hydrothermal alteration experiments carried out at low temperatures. The same 

experimental settings might shed light on the amalgamation of biogenic calcite, 

especially in fibrous calcites which are commonly found in brachiopods and bivalves, at 

temperatures which do not exceed 100 °C. Low temperature experiments performed for 

longer periods of time should cover the range between 50-100 °C with a step width of 

10 °C. 

All hydrothermal experiments mimicking burial and partly meteoric diagenesis 

presented in this thesis were carried out in a closed system and under vapour pressure at 

the given temperature due the experimental design. However, in nature biogenic 

(carbonate) minerals are exposed to the open system of their surrounding diagenetic 

environment. Thus, percolation of fluids with differing compositions and presumably 

increasing pressure conditions over the geologic time may have a greater effect on the 

degree of overprint in biogenic hard tissues. Future studies should consider a new 

experimental setup allowing for the simulation of diagenetic alteration as open system. 
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Apart from the temperature, pressure should be adjustable and permanent flow of 

experimental fluids through the reaction vessel should be enabled. 

Particular focus should not only be placed on hydrothermal experiments as 

diagenesis may also occur in dry systems. Thus, the same specimens which were 

carefully selected for hydrothermal alteration experiments should be subjected to dry 

thermal treatments in order to (1) assess the reorganisation processes of nano- and 

microstructures found in the utilised biogenic carbonate specimens, and (2) obtain 

deeper insight into degradation processes of biopolymer matrices found in biogenic 

carbonates. First thermal experiments on pristine brachiopods (see Casella et al., 2018a, 

2018b) at 100 °C and 400 °C for up to 3 months and 2 days, respectively, did show 

formation of porosity and degradation of organic matrices occurring in a manner 

different to hydrothermally altered specimens. Results obtained from thermal and 

hydrothermal alteration experiments simulating diagenetic alteration should be 

compared to findings obtained from diagenetically altered fossil specimens in order to 

better understand the natural overprint processes. 

Notwithstanding hydrothermal experiments mimicking diagenetic alteration 

processes have showed to be a method to gain fundamental knowledge on diagenetic 

processes, material scientific studies utilising fossils are still indispensable. Despite the 

difficulty of collecting intact fossil specimens of different animals which were subjected 

to diagenesis, it still remains necessary to investigate fossil materials and to carry out 

comparative studies using their hydrothermally altered counterparts. It is of high 

importance that samples used in future studies should be collected from all three 

diagenetic regimes with known diagenetic history in order to obtain more profound 

knowledge on diagenetic processes occurring in burial, meteoric, and marine realms. 

Especially in the case of the burial environment, fossil specimens should be collected 

from basins with known stratigraphy, diagenetic pressure and temperature conditions, 

as well as the involvement of fluid phases. The latter is an important factor for the 

acceleration of dissolution-reprecipitation reactions. Thus, it can be assumed that 

kinetics differ from dry environments, and consequently, result in a different 

preservation state. As diagenetic overprint may be comprised of a sequence of thermal, 

pressure, and hydrous events, fossil specimens utilised for comparative studies have to 

be carefully selected. Hence, fossil biogenic carbonates of the same animal class sampled 

from basins or strata with known diagenetic history, e.g., realm, temperature, pressure, 

influence of fluid phases, should be compared to a pristine reference, but especially to 

biogenic hard tissues, which were subjected to (hydro-) thermal alteration experiments. 

Ideally, the sampling site should exhibit different diagenetic conditions, e.g., varying 

from a low to a high degree of overprint. 

As porosity formation is a major microstructural feature of dissolution-

reprecipitation reactions, and more importantly, greatly influences the kinetics of 
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replacement reactions by creation of additional fluid-solid contacts, porosity 

measurements should be carried out in future studies. These may be conducted on 

pristine (reference), hydrothermally (independent of applied temperatures, pressures 

and experimental time), and natural diagenetically altered biogenic carbonates in order 

to quantitatively assess the amount of porosity prior and after alteration. Obtained data 

could provide additional information on the assessment of the degree of (mimicked) 

diagenetic alteration in hard tissues comprised of calcium carbonates. 
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Appendix 

A I General information on investigated 

organisms 

The following subchapters provide information on all marine animal species 

investigated in the framework of the present dissertation. All animals differ not only in 

class and but also in mineralogy and microstructure of their biomineralised carbonate 

hard tissues. The latter is comprised of either bio-calcite or bio-aragonite. However, these 

mono-mineralic hard tissues can be complemented by an additional nacreous aragonite 

layer. 

A I.1 Calcite-forming marine organisms 

Brachiopods 

Brachiopods (see Fig. A1) are ubiquitous marine invertebrates providing an immense 

fossil record dating back to the Proterozoic, i.e., 2.5 Ga-540 Ma ago (Copper, 1996; 

Schmahl et al., 2004). During the Phanerozoic (540 Ma until the present day), 

brachiopods were of high significance for benthic marine faunas and became a prevalent 

organism from the Permian/Triassic border  (Wood, 2005). It is known that approx. 120 

genera are still living at the present day (Williams et al., 1997; Griesshaber et al., 2007b). 

However, brachiopods decreased in importance in the recent oceans (Cuif et al., 2011b).  

 

 

Figure A1: Photographs showing the shell of the modern brachiopod Terebratalia transversa in 

front (A) and bottom view (B). 
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 The phylum of brachiopods is divided into three subphyla which are mainly based on 

the mineralogy and structure of the shells (Williams et al., 1996).  

[1] Rhynchonelliformea brachiopods form shells consisting of low-Mg calcite fibres 

(Cusack and Williams, 2001; Cusack et al., 2008b; Pérez-Huerta et al., 2009). They 

comprise the orders Rhynchonellida and Terebratulida which cover the majority of 

present day brachiopod species.  

[2]  The subphylum of Craniiformea is characterised by high Mg-calcitic semi-nacre 

shells and is less abundant (Jope, 1965; Williams and Wright, 1970; England et al., 

2007; Cusack et al., 2008b; Pérez-Huerta et al., 2008; Immenhauser et al., 2015). 

[3] Linguliformea constitute the exception as they mineralise a calcium phosphate shell. 

Aragonitic brachiopod species (Trimerellacea) have been declared extinct since the Late 

Silurian (Williams, 1968; Lowenstam and Weiner, 1989; Álvarez and Curry, 2010; 

Immenhauser et al., 2015). 

In 1970, Williams and Wright as well as Schumann described the organo-calcitic 

shell ultrastructure of cranioid brachiopods for the first time. According to their report, 

the mineral components of the brachiopod shell are covered with an organic layer (i.e., 

 

Figure A2: EBSD band contrast illustrating the microstructure of the shell of modern brachiopods 

(A) Terebratalia transversa which is comprised of a primary layer (white star) and the fibrous 

secondary layer (yellow star; modified after Casella et al., 2018a), and (B) Gryphus vitreus which is 

comprised of a primary layer (white star), secondary fibrous layer (yellow star) as well as of a 

third columnar layer (blue star; modified courtesy of Dr. Erika Griesshaber). 
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periostracum) and a subjacent secreting epithelium (i.e., the mantle) with its 

corresponding papillose outgrowths (i.e., caeca). The latter permeate the succession of 

the brachiopod skeleton. As the majority of brachiopods exhibits a physical linkage 

between their valves by a variety of forms of articulations, they are referred to as 

Articulata, whilst a simple linkage of the two valves by muscles refers to as Inarticulata 

(Williams, 1968; Immenhauser et al., 2015). The life span of Articulata and Inarticulata 

reaches up to 30 years and ten years, respectively, and is dependent on several factors, 

such as temperature of the ocean water, food supply, parasitism, and predators 

(Ruggiero, 2001). 

Shells of articulated brachiopods are assembled by two or three calcitic layers 

dependent on the author cited: (1) the primary layer beneath the periostracum (see Fig. 

A2A), (2) the fibrous secondary layer (see Fig. A2A), and (3) the columnar third layer 

(e.g., found in Gryphus vitreus, Born, 1778; see Fig. A2B). While the protective primary 

layer consists of needle-like low-Mg calcite embedded within an organic matrix, the low-

Mg calcite fibres of the thick secondary layer are made of an mineral-biopolymer 

composite material. Single calcite fibres are surrounded by an organic sheath 

(Griesshaber et al., 2007b; Pérez-Huerta et al., 2013; Casella et al., 2018a, 2018b). 

Except for Rhynchonellids, all living and partly fossil brachiopods exhibit so 

called ‘punctae’. These perforations or discontinuities represent one of the most 

characteristic shell features which perforate both the primary as well as secondary 

calcitic shell layers. The detailed purpose of punctae is still under debate. Speculations 

suggest that they act as storage departments, aides in respiration, or sensory devices 

(Pérez-Huerta et al., 2009).  

In the past decades, the phylum of brachiopods has been extensively investigated 

due to their use as proxies for, e.g., reconstruction of palaeotemperature, physiological 

conditions, composition of ancient seawater, reconstruction studies of secular variations 

in δ18O and δ13C, and  for studies of the palaeoenvironment in the Palaeozoic (Veizer et 

al., 1986; Bates and Brand, 1991; Wadleigh and Veizer, 1992; Veizer et al., 1999; Brand 

and Brenckle, 2001; Auclair et al., 2003; Brand et al., 2003). 
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A I.2  Aragonite-forming marine organisms 

Bivalve Arctica islandica 

The mussel Arctica islandica (see Fig. A3; Linnaeus, 1767), also referred to as ocean 

quahog, belongs to the phylum Mollusca and the order Bivalvia. Its evolutionary line 

dates back to the Jurassic (Casey, 1952; Schöne, 2013) and subfossil shells were described 

by Witbaard and Bergman (2003) and by Scourse et al. (2006).  

 

 

Figure A3: Photographs of a modern specimen of the bivalve Arctica islandica showing the (A) 

exterior of the shell which is coated with the organic periostracum, and (B) the interior of the 

shell. The sample was collected by Prof. Dr. Elizabeth Harper at Loch Etive, Scotland. 

 

Figure A4: Schematic drawing illustrating the major morphological characteristics of the shell of 

the bivalve Arctica islandica: outer shell layer  (blue), inner shell layer (green), outer and inner 

shell surface, pallial myostracum, hinge plate, as well as annual growth lines (modified after 

Casella et al., 2017). Detailed descriptions are published by Schöne (2013). 
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Figure A5: EBSD band contrast measurement (grey scale) showing the fine grained aragonitic 

microstructure of the bivalve Arctica islandica (taken from Casella et al., 2017). 

Arctica islandica are by far the most intensively studied species in marine bivalve archives 

of the recent to sub-recent past (Schöne, 2013). Not only is their wide distribution 

throughout the shelf seas of the North Atlantic Ocean but also the remarkable lifespan of 

the mussel responsible for the keen interest. With ages which can exceed 500 years it is 

the longest-lived species among all bivalves and molluscs on Earth (Abele et al., 2008; 

Karney et al., 2012; Butler et al., 2013; Casella et al., 2017; Ritter et al., 2017). 

Typical morphological characteristics of the A. islandica shell are presented in 

Figure A4. The aragonitic shell features three parts, (1) the inner shell layer, which is 

adjacent to the soft tissue of the animal, (2) the pallial myostracum, which is the shell 

area formed at the attachment of the adductor muscles, and (3) the outer shell layer, 

which is in contact to seawater. Moreover, the microstructure found in modern 

specimens of A. islandica can be described as fine-grained mineral units comprised of 

bio-aragonite (Casella et al., 2017; Fig. A5).  According to Schöne and co-workers (2005a), 

the shell growth period of A. islandica appears to stay the same throughout the living 

period of the animal. Further, the authors state that the shell remains unchanged for at 

least the first 39 years of shell growth. During the fourth year of living, the bivalve forms 

circadian growth increments of 31.5 μm in size per day on the average (Schöne et al., 

2005c). Resulting annual growth lines begin to become visible on the microstructural 

level. Irregularly-shaped aragonite crystal units, which are surrounded and also 

penetrated by organic fibrils, assemble the microstructure of modern A. islandica 

specimens (Casella et al., 2017). 

As annually banded aragonitic shells are produced by living A. islandica mussels, 

they became potential research objects for studies regarding, e.g., climate variability 

(Foster et al., 2009), and reconstruction studies of marine water temperatures (Schöne et 
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al., 2005b). Furthermore, Arctica islandica has gained profound attention as suitable 

specimen for application of oxygen isotopes proxy data (Schöne et al., 2004, 2005a; 

2005b) of Holocene shells (Schöne et al., 2005b; Wanamaker et al., 2008, 2011; Schöne and 

Fiebig, 2009; Karney et al., 2012) in a sclerochronological3 (Marchitto et al., 2000) and 

stratigraphic (Butler et al., 2009, 2013) context. 

Scleractinian corals 

Scleractinian corals (here, mainly Porites sp.; see Fig. A6), also known as stony corals, 

belong to the phylum Cnidaria and the order Scleractinia. Due to their accretion of 

aragonitic hard exoskeletons, they can be distinguished from soft corals like 

Antipatheria and Octocorallia (Cohen and McConnaughey, 2003; Przeniosło et al., 2008). 

The existence of scleractinian marine calcifying organisms dates back to the Triassic and 

lasts until the present day. Scleractinian corals can be either found as solitary 

individuals, ahermatypic corals (Benton and Harper, 1997), or as massive reef-building, 

hermatypic corals which occur in colonies (Wainwright, 1964; Meibom et al., 2004). Due 

to their symbiotic association with zooxanthellae or algae in their polyp tissues, 

hermatypic scleractinian corals are able to grow rapidly which leads to a high 

calcification rate for the creation of reefs (Cohen and McConnaughey, 2003; Wooldridge, 

2013). The accretion of coral exoskeletons occurs at day and night, called “dark 

calcification”, and takes place either with or without symbionts (Jacques and Pilson, 

1980; Jacques et al., 1983; Barnes, 1985; Chalker et al., 1985).  
 

 

Figure A6: Images of fragments of a pristine scleractinian coral Porites sp. sampled in Moorea, 

French Polynesia (Rashid et al., 2014). (A) Top view, (B) bottom view showing the porous 

structure of the Porites sp. skeleton. 

                                                     
3 The term ‘sclerochronology‘ refers to studies of chemical and physical variations found 

in accretionary hard tissues formed by organisms, and includes the temporal context in which 

they were secreted (Gröcke und Gillikin 2008). 
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Figure A7: EBSD band contrast measurement (grey scale) showing the microstructure of the 

pristine scleractinian coral Porites sp. with characteristic bunches of aragonitic needles (green 

stars) which are radially arranged around organic-rich centres of calcification (yellow stars; 

modified after Casella et al., 2018c). 

The animal part of the coral which is responsible for the formation of the exoskeleton is 

called polyp. The corallite4 resembles a tube-like structure (theca), which is intercepted 

by septa (i.e., radiating vertical partitions) and their accompanying structures. 

Disseptiments are thin horizontal sheets on which the base of the polyps is located. 

Sclerodermites constitute the basic building units of all coral skeletal hard tissues. These 

building blocks consist of fibres, which are between 0.05-4 μm in diameter and show a 

preferential elongation in c-axis direction or fine crystals of aragonite. The arrangement 

of the latter resembles three dimensional fans located around centres of calcification 

(COC) or early mineralisation zone and rapid accretion deposits – depending on the 

author cited (see Stolarski, 2003; Cuif and Dauphin, 2005a; Brahmi et al., 2012; Fig. A7). 

COC are assembled by randomly oriented, nm-sized CaCO3 crystals, which are 

embedded in organic matrices consisting of acidic proteins and polysaccharides, forming 

micrometre-sized, rounded aggregates (Gladfeiter, 1982; Constantz and Weiner, 1988; 

Cuif and Dauphin, 1998; Cuif et al., 2003; Meibom et al., 2004). Aragonitic spherulites are 

grouped into fascicles (or fasciculi), which represent fish scale shaped bundles (Ogilvie, 

1896; Constantz, 1989; Cohen and McConnaughey, 2003). When numerous 

                                                     
4 The corallite constitutes the skeleton of a coral individual (Ziegler, 1992). 
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sclerodermites are simultaneously growing upwards in the plane of the up-folded 

matter, a vertical spine known as trabecula is created. United groups of trabeculae, with 

or without the presence of intervening spaces or pores, assemble septa which are the 

primary structures of coral skeletal hard parts. Each trabecula ends up in a dentation, 

which corresponds to an assembly of a delicate array of thin spikes, at the expanding tip 

of the septum.  

Despite the large dimensions of massive coral colonies, biomineralisation occurs 

exclusively in the wall tissue layer. This layer exists only at the top few millimetres of the 

coral skeleton and is occupied by living matter (Cohen and McConnaughey, 2003). 

However, the process of biomineralisation in corals is still under debate as many models, 

such as physicochemical or fully biologically controlled processes, are postulated (Cuif 

and Dauphin, 2005a, 2005b; Meibom et al., 2007). COCs are assumed to play a 

fundamental role in any model as they are considered to act as nucleation sites for the 

growth of aragonitic fibres (e.g., Constantz, 1986, 1989; Le Tissier, 1988; Cohen et al., 

2001).  

Neighbouring corals either share their cell walls or form a so called coenosteum 

by linking their skeletons (Wall and Nehrke, 2012). In the majority of coral colonies, the 

exoskeleton underneath the tissue layer forms the greatest amount of coral hard tissue, 

which is continuously surrounded by seawater. Thus, the growth of aragonite crystals 

continues at a very slow rate within porous spaces which were once occupied by living 

tissue. Aragonitic fibres in fascicles grow out at low angles from each of the COCs until 

they converge with crystals growing out from neighbouring COCs up to the point of 

mutual interference, and prevents any further growth of the fibres (Cohen and 

McConnaughey, 2003). According to Enmar and co-workers (2000), the chemical 

composition, growth rates, as well as the morphology differ in abiotic and biotic 

aragonite crystals. Thus, it is possible to distinguish between these two types of 

aragonitic crystals present in the corals. 

Many palaeoclimate reconstruction studies are empirically based on observations 

of isotopic compositions of skeletal oxygen or selected trace element abundances of 

scleractinian corals which vary in reaction to seawater temperature changes (Smith et al., 

1979; Mitsuguchi et al., 1996; Swart and Leder, 1996; Meibom et al., 2006, 2007). 

Furthermore, past seawater levels are determined based on data obtained from 

stratigraphic observations, Ur/Th dating, and 230Th ages (Eisenhauer et al., 1993, 1999; 

Blanchon et al., 2009; Rashid et al., 2014). 
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A I.3 Marine organisms forming mixed calcitic/aragonitic 

and nacreous shells 

Bivalve Mytilus edulis 

Mytilus edulis (Linneaus, 1758; see Fig. A8), also known as the common blue mussel, is 

categorised into the phylum Mollusca and the class Bivalvia. The evolutionary origin of 

the Mytilus genus dates back to the Pliocene, and thus, is a relatively modern genus 

compared to the first appearance of Mytilidae, which is reported to date back to the 

Jurassic or perchance to the Devonian (Bayne, 1976). 

Three distinct layers characterise the microstructure of M. edulis shells (see Fig. 

A9A): (1) the outermost, protective organic layer called periostracum (e.g., Lowenstam 

and Weiner, 1989; Harper, 1997; Gosling, 2003; Wählisch et al., 2014), (2) followed by a 

layer comprised of ‘prismatic’ fibrous calcite (see Fig. A9B) in which each fibre is 

surrounded by an organic sheath (e.g., Marin and Luquet, 2004; Griesshaber et al., 2013; 

Casella et al., 2018c). (3) The innermost part of the shell is comprised of an aragonitic 

nacreous layer in a ‘brick-and-mortar’-arrangement (see Fig. A9C). Isolated nacre tablets 

expose a (pseudo-)hexagonal shape and are separated by a network of an intra-tablet 

organic matrix (e.g., Checa et al., 2006; Cartwright and Checa, 2007; Jacob et al., 2008; 

Zuykov et al., 2011; Zhang and Evans, 2012; Griesshaber et al., 2013; Casella et al., 2018c). 

Each nacre tablet shows a thickness of approx. 200 nm and a width of approx. 300 nm 

(e.g., Checa et al., 2006; Pokroy et al., 2009; Griesshaber et al., 2013).  

 

 

Figure A8: Photographs of a modern specimen of the bivalve Mytilus edulis showing the (A) 

exterior of the shell which is coated with the organic periostracum, and (B) the interior of the shell 

with indication of the calcitic layer (white arrow) and the nacre layer (black arrow). The sample 

was collected from 5-7 m depth in the subtidal of Menai Strait Wales, U. K. (see Casella et al., 

2018c). 
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Figure A9: (A) Schematic drawing illustrating the different layers comprising the shell of the 

bivalve Mytilus edulis (modified after Lowenstam and Weiner, 1989). (B-C) SE micrographs 

showing the microstructures of calcite fibres and brick-and-mortar nacre, respectively (from 

Casella et al., 2018c). 

Maier and co-workers (2014) have shown that aragonitic nacre tablets in the mollusc M. 

edulis are comprised of spherical nanocrystals. Molluscan shell material is precipitated 

from the extrapallial fluid, which is physically isolated from external solutions by the 

mantle membrane, old shell, and periostracum (e.g., Bevelander and Nakahara, 1969; 

Heinemann et al., 2008; Griesshaber et al., 2013). 

Environmental changes are recorded in the nacreous aragonitic and calcitic shells 

due to the sessile lifestyle of M. edulis bivalves (e.g., Elliot et al., 2003; Immenhauser et 

al., 2005; Hippler et al., 2009; Hahn et al., 2014). Hence, M. edulis is an useful proxy for 

the study of palaeoenvironmental changes, especially for the acidification of seawater 

(Hahn et al., 2014). However, profiles of δ13C data obtained from M. edulis appear to be 

not suitable for the reconstruction of palaeo-DIC5 or palaeo-pCO26 (Wanamaker et al., 

2007).  

                                                     
5 DIC corresponds to dissolved inorganic carbon (Miller and Zepp, 1995). 
6 Partial pressure of CO2 is commonly abbreviated by pCO2  (Leclercq et al., 2000). 
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Gastropod Haliotis ovina 

Haliotis ovina (Gmelin, 1791; see Fig. A10), also known as the sheep´s ear abalone, is a 

wide-spread marine biomineraliser belonging to the phylum Mollusca and the class 

Gastropoda, which comprises over 50.000 living species (Ruppert et al., 2004). The 

number of identified Haliotidae varies between 30 and 130 species (e.g., Cox, 1962; 

Dauphin et al., 1989). The most prevalent Haliotis taxa are Haliotis asinina, Haliotis 

clathrata, Haliotis ovina, as well as Haliotis planata (Geiger and Owen, 2012). Depending on 

the author, the fossil record of gastropods dates back either to the late Cretaceous (Estes, 

2005) or to the Cambrian (Bouchet et al., 2005).  

 

 

Figure A10: Photographs of a modern specimen of the gastropod Haliotis ovina showing the (A) 

exterior of the shell which is coated with the organic periostracum, and (B) the interior of the shell 

with indication of the prismatic aragonitic layer (white arrow) and the nacre layer (black arrow). 

The sample was collected from the reef flat of Heron Island, Queensland, Australia (see Casella et 

al., 2018c). 

Abalone shells are mineral-biopolymer composite materials (Palmer, 1983, 1992) and 

their formation, mineralogy, as well as morphologies are assumed to be genetically 

controlled by physiology (e.g., Weiner et al., 1984; Jackson et al., 2010). The CaCO3 shell 

of Haliotidae (see Fig. A10 for the shell of a pristine H. ovina shell) is formed by the 

mantle tissue (Sud et al., 2002). Furthermore, the microstructure of H. ovina and Haliotis 

sp. is comprised of three layers: (1) the outermost part consists of a thin protein-rich, 

organic layer called periostracum which acts as protective cover and prevents the 

decalcification of the shell (e.g., Marin et al., 2008; Nakayama et al., 2013). Depending on 

the species, (2) the secondary layer is comprised of a mixture of prismatic aragonite and 

calcite (e.g., H. asinina) or aragonitic prisms only (e.g., H. ovina (see Fig. A11A), and H. 

rufescens; Dauphin et al., 1989; Casella et al., 2018c). (3) A thick layer consisting of 

iridescent, columnar nacre of approx. 0.5 μm thick stacked tablets (Fig. A11B) is located  
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Figure A11: SE micrographs showing the microstructure of the pristine shell of Haliotis ovina 

comprised of (A) prismatic aragonite, and (B) columnar nacre (taken from Casella et al., 2018c). 

beneath the prismatic secondary layer (e.g., Addadi and Weiner, 1997; Levi-Kalisman et 

al., 2001; Metzler et al., 2007; Checa et al., 2009; Olson et al., 2012; Casella et al., 2018c). 

Each nacre tablet is surrounded by an organic proteinaceous matrix with a thickness of 

20-50 nm. The organic matter defines and controls the growth and size during the crystal 

formation of aragonitic nacre tablets (e.g., Gilbert et al., 2008; Meyers et al., 2008;  Casella 

et al., 2018c). 

Due to the outstanding toughness of nacreous aragonite, shells of abalones are of 

high interest in terms of developing new, bio-inspired ceramic materials (e.g., Lin and 

Meyers, 2005; Gilbert et al., 2008; Olson et al., 2012).  
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A II Experimental hydrothermal alteration 

A II.1 Experimental setup 

Hydrothermal alteration of inorganic and biogenic calcium carbonate samples was 

conducted in order to mimic meteoric and burial diagenetic alteration. One part of the 

samples used in this thesis was prepared in collaboration by colleagues at Graz 

University of Technology, Austria. Artificial burial solution contained 100 mM NaCl and 

10 mM MgCl2 and artificial meteoric solution was prepared using 10 mM NaCl. The 

solutions prepared in Graz were additionally spiked with 16O-rich water in order to trace 

fluid-solid exchange reactions. Sample fragments of 20 x 10 x 5 mm in dimension were 

placed in a PTFE (polytetrafluoroethylene) liner (2.5 cm in diameter and 14 cm in height) 

filled with 25 mL of either simulated burial or meteoric fluid and sealed with a PTFE lid. 

Each of the PTFE liners was inserted into a stainless steel autoclave, sealed and kept in a 

preheated oven at 100, 125, 150 or 175 °C, respectively. The duration of single 

experiments ranged from 1 day to 84 days. After the experimental time, the autoclaves 

were removed from the oven, cooled down to room temperature and opened.  

Alteration experiments carried out in Munich were conducted with sample 

fragments of approximately 5-20 x 5-20 x 5 mm in size, and aragonitic powder material. 

Compositions of simulated burial and meteoric fluids were identical to those described 

above, however, not additionally spiked with 16O-rich water. Figure A12 illustrates the 

experimental setup used at LMU Munich. The samples were placed in a PTFE liner 

(4.5 cm in diameter and 5.8 cm in height) filled with 10 mL of either simulated burial or 

meteoric fluid and sealed with a PTFE lid. Each of the PTFE liners was inserted into a 

stainless steel autoclave (PARR INSTRUMENT COMPANY, 276AC T304 031310), sealed 

and kept in a preheated oven at temperatures between 100 °C and 175 °C for a time 

range of 1 day to 42 days. The estimated pressure within the autoclave during the 

hydrothermal alteration experiments conducted in Graz and Munich was 1 and 9 bar for 

100 and 175 °C, respectively, and corresponded to the vapour pressure at the given 

temperature. After the experiment, the autoclaves were removed from the oven, cooled 

down to room temperature in a laboratory hood before being opened.  

Powdered samples were recovered by using a membrane filter (Merck Millipore 

polycarbonate membranes, pore size 0.22 µm, type GTTP) placed inside a vacuum-

filtration unit. Subsequently, the powder was placed inside a sample beaker and dried at 

40 °C for at least 12 hours. 

Further details on the experimental methods are given in Casella et al. (2017, 

2018a, 2018b, 2018c) and Ritter et al. (2017).  
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Figure A12: Schematic drawing of conducted hydrothermal alteration experiments of biogenic 

carbonates inside a PTFE crucible which is encapsulated by a stainless steel autoclave and placed 

inside a preheated oven. 

A II.2 Overview on hydrothermally altered samples 

This subchapter compiles all experimental information on altered biogenic and inorganic 

carbonate samples. It should be noted that experiment names beginning with “Exp. SH” 

were conducted by Sixin He in the framework of her master thesis which was a project 

associated with the scientific study presented in this thesis. Furthermore, experiment 

names beginning with ‘CHA-‘ were prepared in collaboration by colleagues from Graz 

University of Technology, Austria. 

Biogenic carbonates 

Biogenic carbonate specimens which were subject to laboratory-based hydrothermal 

alteration in Munich and Graz are given in Tables A1-A8 and Tables A9-A10, 

respectively. Experiments were partially conducted in the framework of the project-

internal CHARON collaboration by the working group of TP 1 (Dr. Vasileios 
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Mavromatis, PI: Prof. Dr. Martin Dietzel). The analytical investigation was carried out by 

the author at Ludwig-Maximilians-Universität München in the context of the presented 

thesis.  

Seven different animal species consisting of either biogenic aragonite (Arctica 

islandica, Porites sp., Acropora palmata), biogenic low-Mg calcite (Terebratalia transversa), or 

a mixture of calcitic/aragonitic layers with nacreous aragonite (Mytilus edulis, Haliotis 

ovina, Gryphus vitrius) were experimentally altered.  

Table A1: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite of modern A. islandica bivalve 

shells. 

Experiment Temperature [°C] Time [d] Solution 

Exp. 1 175 1 meteoric 

Exp. 2 175 1 burial 

Exp. 3 125 1 meteoric 

Exp. 4 125 1 burial 

Exp. 5 150 2 meteoric 

Exp. 6 150 2 burial 

Exp. 7 125 14 meteoric 

Exp. 8 125 14 burial 

Exp. 11a 175 3 burial 

Exp. 11b 175 4 burial 

Exp. 11c 175 5 burial 

Exp. 11d 175 6 burial 

Exp. 16a 175 4 ¼ burial 

Exp. 16b 175 4 ½ burial 

Exp. 16c 175 4 ¾ burial 

Exp. 17 100 1 burial 

Exp. 20 175 7 meteoric 

Exp. 21 175 7 burial 

Exp. 22 175 10 burial 

Exp. 23 150 14 burial 

Exp. 24 150 7 burial 

Exp. 25 175 2 burial 

Exp. 26 175 7 burial 

Exp. 27 175 10 burial 

Exp. 37 175 35 burial 
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Table A2: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite of modern, 70-years old Porites sp. 

(RP4II) corals. 

Experiment Temperature [°C] Time [d] Solution 

Exp. 29a 175 35 burial 

Exp. SH 6e 175 2 burial 

Exp. SH 3e 175 4 burial 

Exp. SH 2e 175 5 burial 

Exp. SH 5e 175 6 burial 

Exp. SH 1d 175 7 burial 

Exp. SH 1d_2 175 7 burial 

Exp. SH 9e 175 8 burial 

Exp. SH 10e 175 9 burial 

Exp. SH 7e 175 10 burial 

Exp. SH 7e_2 175 10 burial 

Exp. SH 8e 175 14 burial 

Exp. SH 11e 175 21 burial 

Table A3: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite of 3000 years old Porites sp. (H-tai 

2) corals. 

Experiment Temperature [°C] Time [d] Solution 

Exp. SH 3c 175 4 burial 

Exp. SH 2c 175 5 burial 

Exp. SH 5c 175 6 burial 

Exp. SH 1b 175 7 burial 

Table A4: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite of 117 ka old A. palmata (XD4-2) 

corals. 

Experiment  Temperature [°C] Time [d] Solution 

Exp. SH 3d 175  4  burial 

Exp. SH 2d 175  5  burial 

Exp. SH 5d 175  6  burial 

Exp. SH 1c 175  7  burial 
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Table A5: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite (nacre) and calcite of modern G. 

vitreus shells (brachiopod). 

Experiment  Temperature [°C] Time [d] Solution 

Exp. 32 175  14  meteoric 

Exp. 33 175  14  burial 

Table A6: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite and nacre of modern H. ovina shells 

(gastropod). 

Experiment  Temperature [°C] Time [d] Solution 

Exp. 28d 175  2  burial 

Exp. 28e 175  10  burial 

Exp. 29b 175  35 burial 

Exp. SH 3b 175  4  burial 

Exp. SH 2b 175  5  burial 

Exp. SH 5b 175  6  burial 

Exp. SH 1e 175  7  burial 

Exp. SH 4b 175 14  burial 

Exp. SH 11b 175  21  burial 

Table A7: Experimental conditions used in mimicked diagenetic 

alteration of biogenic aragonite (nacre) and calcite of modern shells 

of the common blue mussel M. edulis (bivalve). 

Experiment  Temperature [°C] Time [d] Solution 

Exp. 9 100  14  meteoric 

Exp. 10 100  14  burial 

Exp. 29c 175  35  burial 

Exp. 39 175  42  burial 

Exp. SH 3a 175  4  burial 

Exp. SH 2a 175  5  burial 

Exp. SH 5a 175  6  burial 

Exp. SH 1f 175  7  burial 

Exp. SH 11a 175  21  burial 
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Table A8: Experimental conditions used in mimicked diagenetic 

alteration of biogenic calcite of modern T. transversa brachiopod 

shells. 

Experiment  Temperature [°C] Time [d] Solution 

Exp. 12 100  28  meteoric 

Exp. 13 100  28  burial 

Exp. 14 100  21  meteoric 

Exp. 15 100  21  burial 

Exp. 35 175  28  burial 

Exp. 38 175  28  meteoric 

Table A9: Experimental conditions applied to modern biogenic aragonite 

of A. islandica bivalve shells in hydrothermal treatments conducted by 

project collaborators (TP1, working group of Prof. Dr. M. Dietzel) at Graz 

University of Technology. 

Sample Name  Temperature [°C] Time [d] Solution 

CHA-M-018 AI16 B2 0 0 --- 

CHA-M-040 AI 21 B2 100  28  meteoric 

CHA-M-041 AI22 B2 175  7  burial 

CHA-M-042 AI23 B2 175  7  meteoric 

CHA-M-043 AI24 B2 100  28  burial 

CHA-M-044 AI25 B3 175  14  modified 

seawater7 

CHA-M-046 AI27 B1 175  84  meteoric 

CHA-M-046 AI27 B2 175  84  burial 

Table A10: Experimental conditions applied to modern biogenic calcite of 

Terebratalia transversa brachiopod shells in hydrothermal treatments 

conducted by project collaborators (TP1, working group of Prof. Dr. M. 

Dietzel) at Graz University of Technology. 

Sample Name  Temperature [°C] Time [d] Solution 

CHA-B-029-1 100  28  meteoric 

CHA-B-029-9 100  28  burial 

CHA-B-030-5 100  28  modified seawater 

CHA-B-031-1 175  7  meteoric 

CHA-B-031-3 175  14  meteoric 

CHA-B-032-5 175  7 modified seawater 

                                                     
7 Seawater which was depleted in SO4 by the addition of BaCl2 in order to prevent the 

formation of anhydrite (Mavromatis, 2015). 
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Inorganic carbonates 

In order to compare hydrothermally altered biogenic carbonates with an inorganic 

reference, alteration experiments were conducted using aragonite single crystals. Single 

crystals from Molina de Aragon, Spain, were either used as crystal pieces cut 

perpendicular to the c-axis or as ground powder. All experiments were conducted with 

artificial burial solution (100 mM NaCl + 10 mM MgCl2 aqueous solution). Applied 

experimental conditions for inorganic aragonite samples are given in Tables A11-A12. 

Table A11: Overview on experimental conditions applied to 

powdered inorganic aragonite single crystals sampled at Molina de 

Aragon, Spain. 

Experiment  Temperature [°C] Time [d] Solution 

Exp. 18a 100  1  burial 

Exp. 18b 100  3  burial 

Exp. 31a 175  1  burial 

Exp. 31b 175  3  burial 

Exp. 31b 175  7  burial 

Table A12: Overview on experimental conditions applied to 

inorganic aragonite single crystals (Molina de Aragon, Spain) cut 

perpendicular to the c-axis. 

Experiment  Temperature [°C] Time [d] Solution 

Exp. 19a 100  1  burial 

Exp. 19b 100  3  burial 

Exp. 30a 175  1 burial 

Exp. 30b 175  3  burial 
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A III Sample preparation 

A III.1 Microtome cutting and polishing for selective 

chemical etching procedure 

Selected specimens were cut into small cubes of maximum 3 x 3 x 2 mm in dimension 

using a razor blade or diamond pad saw. Obtained samples were subsequently glued on 

top of aluminium rods using cyanoacrylate adhesive. In order to obtain a plane surface, 

the samples were trimmed using a microtome (Reichert-Jung ULTRACUT) equipped 

with a glass knife. Material from the sample surface was trimmed in 100 nm steps. Each 

step was repeated for 10 times. Subsequent polishing was carried out using a diamond 

knife (DiATOME). Sample material was gradually removed in a series of sections with 

successively decreasing thicknesses (90, 70, 40, 20, and 10 nm). Each step was repeated 15 

times following standard procedures (Fabritius et al., 2005).  

A III.2 Selective chemical etching procedure for 

visualisation of organic matrices by SEM 

Selective chemical etching procedure was carried out in order to expose the organic 

matrices by dissolving the mineral component of biogenic carbonate samples. Selected 

biocarbonate specimens were prepared as described in appendix III.1 prior to selective 

chemical etching. 

The etching solution was prepared by mixing 27 mL of 0.1 M HEPES buffer (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) with a pH of 6.5 with 3 mL of 2.5 % 

glutaraldehyde fixation solution (Seidl and Ziegler, 2012). Subsequently, the etching 

procedure was conducted by holding the specimen which was glued on an aluminium 

rod with a gripper into the etching solution for 180 seconds. In order to remove all 

remnants of the etching solution, the specimen was dipped into pure isopropyl (p. a.) 

three times for 10 minutes each. In order to stabilise the exposed organic matrix, the 

sample was then subjected to critical point drying in a Liechtenstein BAL-TEC CPD 030 

apparatus (see appendix IV.1). The sample preparation process was completed by 

applying a 3 nm thick rotary platinum coating prior to SEM imaging.  
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A III.3 Surface polishing procedure for SEM imaging and 

EBSD measurements 

High-quality EBSD measurements require highly polished and plane sample surfaces. 

For this purpose, specimens of marine biocarbonates were embedded into resin prior to 

grinding and polishing steps. The utilised resin was prepared by vigorous stirring a 

mixture of 30 mL of EpoFix Resin and 4 mL of EpoFix Hardener (Buehler) for 2 minutes 

in the laboratory hood. In order to guarantee easy removal of the embedded sample after 

hardening, walls of the sample holders were lubricated with petroleum jelly. To assist 

the hardening process of the resin, the embedded samples were placed into a desiccator 

for a minimum of 12 hours. The usage of a desiccator is necessary during the hardening 

process in order to remove any bubbles which are present in the liquid resin. This step is 

essential as air bubbles are known to cause problems during the subsequent sample 

preparation and lower the quality of obtained EBSD measurements. After the hardening 

process, the samples were trimmed in order to remove remnants of petroleum jelly.  

In order to obtain plane and highly polished surfaces, sample material was 

ground in three steps with decreasing grain sizes of SiC (silicon carbide) grinding paper 

(P 320, P 600, and P 1200; grain sizes: approximately 46, 26, and 15 µm, respectively) 

under water flow and a rotation of 150 rpm (rounds per minute) using a Buehler 

MetaServ 250 GrinderPolisher. Each grinding step removed scratches created by the 

previous, coarser SiC grinding paper and caused new, thinner scratches on the surface of 

the samples.  

Ground samples with a thickness exceeding 3 mm were cut by using a diamond 

blade saw from HI-TECH DIAMOND and shortened to a height of maximum 3 mm 

using P 320 SiC grinding paper on the Buehler MetaServ 250 GrinderPolisher under 

water flow.  

Polishing of ground specimens was carried out in two steps. Firstly, polishing 

was conducted by using an artificial silk cloth and MetaDi Supreme Polycrystalline 

Diamond Suspension 3 Fμm (grain size: 3 µm; Buehler). Best results of shininess were 

achieved by using a rotation of 150 rpm for 10 min on a Buehler MetaServ 250 

GrinderPolisher. Subsequently, the polished sample was fixed on a metal punch using 

wax. This step is essential in order to keep a constant low pressure on the samples 

during the final polishing step. The latter was conducted on a Buehler VibroMet2 

Vibratory Polisher with a thin layer of Buehler MasterPrep Polishing Suspension with a 

grain size of 0.05 μm for 3 hours and vibration amplitude of 40 %. Due to the rotary 

movement and vibration of the samples inside the apparatus, approximately the top 

40 nm were being carefully removed. By using a synthetic fibre cloth and a water-

detergent mixture, the remaining polishing suspension was removed from the highly 
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polished sample surface before rinsing it with high-purity deionised water. Drying after 

the cleansing step was carried out using a hairdryer at low temperature in order to avoid 

water spotting. 

Samples were coated with 3-4 nm of carbon prior to SEM imaging and EBSD 

measurements. 

A III.4 Fluid preparation for laboratory-based hydrothermal 

alteration experiments 

Artificial meteoric and burial fluids utilised in hydrothermal alteration experiments were 

defined as aqueous solutions with a NaCl concentration of 10 mM, and 100 mM NaCl 

and 10 mM MgCl2, respectively. In order to prepare the simulated meteoric and burial 

fluids, 0.5844 g of NaCl for meteoric, and 5.844 g of NaCl and 2.033 g of MgCl2·6H2O for 

burial were weighed and dissolved inside lockable plastic containers with 1 litre of high-

purity deionised water. After preparation, the simulated diagenetic fluids were stored 

inside a refrigerator. 

A III.5 Sample preparation for XRD measurements 

All samples used for XRD measurements were prepared in one of three different ways 

depending on the available sample amount, utilised X-ray radiation wavelength, and 

diffractometer geometry. Independent of the subsequent preparation method, all sample 

pieces were ground to a fine powder with an agate mortar. 

Measurements conducted with molybdenum Kα1-radiation in Debye-Scherrer 

geometry (transmission mode) required a sample preparation using glass capillaries 

with a diameter of 0.3 mm in which powder of the selected sample material was 

homogeneously distributed. Subsequently, the funnel of each glass capillary was 

removed and the opening sealed by either using a droplet of clear nail polish or a lighter 

in order to melt the top of the thin glass walls. Single glass capillaries were mounted on 

brass holders using clear nail polish and centred prior to XRD measurements.  

The instrumental parameters were set to: 2θ range: 5-50 ° with 0.013 ° step width 

and an exposure time of 1000 seconds with enabled sample rotation. 

Measurements using copper Kα1-radiation in Bragg-Brentano geometry (reflection 

mode) were performed with a sample holder consisting of a plastic ring which was 

placed around a brass holder creating a thin cavity at the centre. This central cavity was 

filled with sample powder. The latter was carefully compacted using a square-shaped 
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glass slide in order to create an even sample surface. To avoid measurement artefacts, 

the height of the sample material should be equal to that of the used XRD sample holder. 

In case of extremely low quantities of available sample powder, the powder was 

mixed with 2-3 drops of ethanol inside an agate mortar. The suspension was taken using 

a disposable pipette and carefully dripped on top of a sample holder equipped with a 

single crystalline quartz platelet which was prepared in such a way that no background 

signal was detected during the measurement. The sample suspension was air-dried prior 

to XRD measurements in order to obtain a thin and smooth layer on top of the sample 

holder. 

All data obtained for measurements with copper Kα1-radiation were collected 

with enabled sample rotation on a GE XRD 3003 TT diffractometer equipped with a 

position-sensitive, semiconductor-based 1D-detector (Meteor). Applied instrumental 

parameters were a 2θ range of 20-90 ° with a step width of 0.013 ° and exposure time of 

1000 seconds. 

A III.6 Sample preparation for EPMA element mapping 

Elemental mappings measured by EPMA require highly polished sample surfaces in 

order to obtain precise values and best results. The sample preparation procedure for 

EPMA is equal to the sample preparation described for SEM imaging and EBSD 

measurements (see appendix III.3). 

Selected brachiopod specimens for EPMA element mapping were prepared as 

thin sections at Ruhr-Universität Bochum, Germany. All EPMA samples were coated with 

a 15 nm thick carbon layer prior to carried out mappings.  

A III.7 Sample preparation for CL imaging 

In order to enable luminescence in a transmitted-light microscope and to obtain highly 

polished sample surfaces, selected sample materials were prepared as thin sections at 

Ruhr-Universität Bochum, Germany. The samples were coated with a 15 nm thick layer of 

carbon prior to CL imaging.  
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A IV Methods 

A IV.1 Critical point drying 

The procedure of critical point drying (CPD) is commonly used in biosciences to dry 

biological samples. Water present in biological sample materials evaporates under low 

pressure conditions, and thus, disturbs imaging of the samples conducted with (FE-) 

SEM. 

By using a conventional drying method (e.g., air drying), water would be 

compelled to change its liquid to a gaseous state resulting in high surface tension. This 

leads to collapse or damage of the delicate structures and surfaces of biological samples. 

In order to preserve the specimen morphology, CPD is applied as the state of the art 

method. As the physical characteristics of the liquid and gaseous state are not 

distinguishable at the critical point, compounds can be transformed from one to the 

other state without crossing interfaces, thus, avoiding any damaging effects. Due to the 

very high temperature and pressure conditions at the critical point of water (Tc = 374 °C, 

pc= 221 bar), this liquid is not feasible for dehydration processes as it would cause severe 

damage to the samples. Hence, water is replaced by liquid carbon dioxide (CO2) as the 

transitional fluid (Tc = 31.1 °C, pc= 73.8 bar; see Fig. A13). However, CO2 is not miscible 

with water, and therefore, has to be replaced by another fluid (in this case isopropyl) 

which acts as an intermediate fluid/exchange fluid. After the replacement of water by the 

intermediate fluid, an exchange of the intermediate fluid and liquid CO2 is compelled 

(Leitner, 2000; Mortimer and Müller, 2007).  

 

 

Figure A13: Phase diagram of carbon dioxide illustrating all present states, modified after Leitner 

(2000). At and above the critical point, CO2 obtains the features of a gas and a liquid. 
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A IV.2 Cathodoluminescence 

Cathodoluminescence (CL) is a method prevalent in geosciences to characterise, e.g., 

internal structures of fossils, minerals and rocks, origin of mineral grains which 

constitute sedimentary rocks, and for the recognition of diagenetic processes in 

siliciclastic as well as sedimentary carbonate rocks. Sample preparation is simple; 

measurements are relatively fast and allow for conclusions on fundamental geological 

processes (e.g., deformation and crystal growth; Richter et al., 2003). First CL studies 

were carried out with a petrographic microscope attached to a cathode gun. Nowadays, 

electron probe microanalysers and scanning electron microscopes are utilised to produce 

CL emission images with high-resolution and high-magnification.  

It should be noted here, that the emergence and fundamental causes of the 

emission of CL are moderately understood until the present day. 

The phenomenon of CL occurs as emission of photons (visible and UV range) by 

a material which is bombarded by a stream of high-energy electrons originating from a 

cathode (Pagel et al., 2000).  

By bombardment of a specimen with high-energy electrons, electrons of the 

valence band (i.e., ground state) are removed and promoted into the conduction band 

(i.e., excited state), thus, leaving a hole in the valence band. Excited electrons reside in 

the conduction band for a very short time before falling back to the ground state via a 

loss in energy (photons). Due to the presence of defects in crystals (e.g., ion impurities, 

lattice defects), discrete energy levels of the band gap prevent de-excitation by capturing 

energised electrons inside electron traps. After the occupation of excited electrons for a 

few microseconds, they return to the ground state with simultaneous emission of 

photons. The electron traps inside band gaps, which are referred to as centres of 

luminescence, can be divided into extrinsic and intrinsic centres. Extrinsic centres (i.e., 

impurity centres) are incorporated into the crystals due to some characteristic features of 

the melt or fluid from which the mineral phase crystallised, whereas intrinsic centres 

(defect centres) are the result of crystal lattice imperfections (Walker and Burley, 1991). 

The number of CL emissions in the range of visible light increases with an increasing 

number of electron traps existing in the band gaps of the investigated crystals (Boggs 

and Krinsley, 2010). 
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A IV.3 X-ray diffraction 

X-ray diffraction is a method conventionally applied for structure determination and 

analysis, as well as phase determination and quantification of crystalline materials. Its 

main fields of application are found in chemistry, biochemistry, pharmaceutical studies, 

material physics and crystallography.  

Atoms of crystalline materials are characterised by their periodic arrangement 

within the crystal lattice. As typical unit cell parameters of crystalline materials range in 

the order of a few to tenths of nanometres, electromagnetic radiation with similar 

dimensions in wavelengths (X-rays) is diffracted at lattice planes of the investigated 

specimens. 

X-rays are generated when a beam of electrons accelerated by the application of 

high voltage hits a metal target. Consequently, the deceleration of the electron beam is 

caused by a collision with atoms of the target and the majority of electrons lose their 

energy gradually due to multiple collision events. This results in the creation of a so 

called continuous X-ray spectrum or white radiation. If the energy of the electrons 

hitting the metal target is higher than a particular threshold value, a second spectrum 

type is created, the so called characteristic spectrum. The latter is characterised by 

discrete wavelengths which are dependent on the target material. If the energy of 

electrons exceeds the energy of the threshold potential, ionisation of target atoms may 

occur due to the ejection of an inner shell electron. The created vacancy can be occupied 

by an electron of a higher energetic level. Thus, the new occupied energy level is lower 

compared to the initial one and the difference in energy is emitted as characteristic X-ray 

photons by the electron of the higher energetic level. The wavelength of the emitted X-

ray photon is dependent on the difference between the two involved energy levels. 

Characteristic lines of the second spectrum type are known as K, L, and M and 

correspond to transitions from the K, L, and M orbitals. When the transition involves 

two adjacent orbitals, the resulting line is termed as α. In the case of two orbitals which 

are separated by another shell, the line is termed as β. Due to the small difference 

between the two energy levels, both line types are divided into multiple lines which are 

fairly close to another.  

X-rays are produced by using a sealed-tube generator which consists of a cathode 

filament emitting accelerated electrons under vacuum when high voltage is applied. 

These electrons collide with a fixed anode made of a specific metal target material. The 

wavelength of the anode material must have a characteristic Kα line which is suitable for 

the planned diffraction experiments. As the presence of gas molecules in the tube leads 

to a decrease in efficiency of the X-ray generating process caused by collisions with 

electrons in the beam, it is essential that a high vacuum is applied (Giacovazzo, 1998). In 

order to select a characteristic X-ray radiation, and to reduce the background caused by 
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white radiation a monochromator is applied. Furthermore, the utilisation of a collimator 

leads to a reduction of angular divergence.  

When the X-ray beam hits the sample, it gets diffracted on the crystal lattice 

planes. This results in interferences, and thus, to the appearance of a diffraction pattern 

with sharp peaks. Using the Bragg´s law, it is possible to calculate the angles at which 

the sharp peaks appear (see Fig. A14).  

 

 

Figure A14: Illustration of the Bragg´s law geometry, modified after Pecharsky and Zavalij (2009). 

Diffraction angle (θ), lattice plane (hkl), and lattice plane distance (dhkl). 

Bragg´s law is a formula derived from geometry and is written as 

 

n λ = 2dhkl sinθ, (eq. 5) 

 

where n is the non-negative integer giving the order of diffraction, λ is the wavelength of 

the incident X-ray beam, dhkl is the lattice spacing of the (hkl) plane and θ is the scattering 

angle. The square modulus of the structure factor Fhkl is proportional to the intensity I of 

Bragg reflexions and is written as  

 

|Fhkl|²   I (eq. 6) 

with 

Fhkl=∑fj exp [2πi (hxj + kyj + lzj)], (eq. 7) 

 

i.e., the summation over all atoms j comprised in the unit cell, the scattering factor f of 

the atom j with the coordinates xj, yj, and zj and the Miller indices h, k, and l.  
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A IV.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a widely-spread tool used for the assessment and 

imaging of sample morphologies and microstructures. Its application can be found in 

various scientific fields such as in biology, metallurgy, materials science and geosciences. 

A common SEM setup is shown in Fig. A15. 

Accelerated electrons are created in an electron gun which is located at the top of the 

SEM apparatus column. By passing through a combination of apertures and lenses, a 

focussed beam of accelerated electrons bombards and simultaneously scans a defined 

surface area of the specimen placed in a vacuum chamber. Due to the strong interaction 

behaviour of electrons with any kind of matter, the evacuation of the electron beam 

column needs to be well-conducted (Wischnitzer, 1970, Zaefferer and Habler, 2017). 

Three different types of electron guns are commonly used: the most basic version 

comprises a tungsten filament cathode. Electrons are then either emitted by the filament 

 

 

Figure A15: Schematic drawing of the SEM setup (modified after Alberts et al., 2014). 

Electromagnetic coils function as lenses, and thus, focus the electron beam on the specimen for 

scanning. The detector measures the incoming secondary electrons scattered or emitted from each 

successively scanned specimen point, which leads to the creation of an image on the video screen. 
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or the cathode. Electron acceleration is caused by the anode and kinetic energies range 

between 1 to 40 keV. The second type of electron gun consists of a lanthanum hexaboride 

cathode which is most common for its high brightness due to a high emission current 

and its long lifetime. Satisfactory results can be obtained by using the lanthanum 

hexaboride cathode for several hours of operating time. Even higher brightness can be 

obtained by the last type of electron guns, i.e., the field emission gun. As its name 

implies, the emission of electrons is produced by using field emission, i.e., electrons are 

tunnelling through the potential barrier (Wischnitzer, 1970, Zaefferer and Habler, 2017). 

SEM images are generated by the collection of secondary electrons which are 

emitted from a distinctive sample area. The secondary electrons are amplified in order to 

produce a signal voltage passing through a cathode-ray tube. The beam of the cathode-

ray tube is modulated and results in the creation of a SEM image. 

Scanning of the specimen surface and recording of the measured signal for each 

single scan point allows for the reconstruction of a bitmap image of the scanned sample 

surface. A computer-controlled scan generator controls a set of crossed deflection coils 

which enable the scanning of the sample material.  

The spatial resolution of the SEM technique is determined by the size of the 

interaction volume of the primary electron beam with the investigated specimen for a 

particular chosen observation signal. The interaction volume of the electron probe itself 

is dependent on the properties of the beam (e.g., acceleration voltage, diameter of the 

probe), studied material (e.g., density) as well as the measured type of signal (Zaefferer 

and Habler, 2017).   

A IV.5 Electron backscatter diffraction 

Electron backscatter diffraction (EBSD), also known as backscatter Kikuchi diffraction 

(BKD) or electron backscatter pattern technique (EBSP), is a common method found in 

geosciences and materials science. This method is commonly used for the investigation 

of microstructures and textures of crystalline specimens.  However, it is also applied for 

phase determination and strain measurements (Schwartz, 2009). Additionally, EBSD 

measurements reveal the size, orientation and boundaries of crystal grains. 

Crystallographic information of a large variety of inorganic crystalline materials, e.g., 

metals, semiconductors, ceramics and minerals, can be obtained from EBSD 

measurements (Zhou and Wang, 2007). This technique can either be used in SEM 

systems or a TEM as first EBSD patterns of mica were observed in the latter by Kikuchi.   
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Figure A16: Schematic setup of an EBSD indicating the orientation of the sample, modified after 

Zhou and Wang (2007). 

When an electron beam in a SEM or TEM system hits the sample surface, different 

energy conversion events are taking place. These result in a variety of signals (e.g., 

secondary electrons, Auger electrons, backscattered electrons (BSE)). In the case of EBSD, 

the diffraction of backscattered electrons is used for imaging, phase identification, and 

determination of crystallographic orientations. EBSD measurements are usually 

conducted on either highly polished sample surfaces or as-deposited thin films. In order 

to obtain a high intensity for EBSD patterns, it is required to position the specimens in 

such a way that a shallow angle of usually 20 ° with the incident beam is set. Due to the 

fact that SEM stages are commonly used for tilting the samples, the stage tilt value is 

reported as 70 °. Typical instrument parameters for EBSD measurements range from 10-

30 kV for the accelerating voltage and 1-50 nA for the beam current (Schwartz, 2009). 

Backscattered electrons are created by a diffusive inelastic scattering event; thus, 

BSE have a lower energy value compared to the incident electron beam. When the 

Bragg´s equation is fulfilled, constructive and destructive interference of the BSE results 

from the interaction between the primary beam and the crystal lattice of the investigated 

specimen. This leads to the formation of two cones with diffracted electrons in the 3D 

space on each lattice plane (Zhou and Wang, 2007). According to Prior et al. (1999), the 

intensity of these cones is dependent on the atomic species. Incoming signals are 

detected by a phosphorous screen of the EBSD camera which is positioned in such a way 

that both cones are intercepted (see Fig. A17). This setup leads to a pair of nearly straight  
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Figure A17: Illustration of the Kikuchi band formation in an oriented sample bombarded by an 

electron beam (orange arrow). Modified after Prior et al. (1999). 

conic sections which appear as parallel lines. Both lines are referred to as Kikuchi lines 

which form the so called Kikuchi band (see Fig. A17). 

All measured EBSD patterns consist of a multitude of Kikuchi bands. Each single 

Kikuchi band has a particular width and corresponds to a particular crystallographic 

orientation. The intersection of Kikuchi bands in the obtained EBSD pattern illustrates 

the zone axis. Major zone axes are recognised by the intersection of several Kikuchi 

bands, thus, the Kikuchi pattern expresses all angular relationships in the crystalline 

specimen and contains the symmetry and orientation of the investigated 

crystals/crystallites. 

The indexing of measured EBSD patterns is automated by software which 

identifies poles and patterns. Relationships between these patterns and some chosen 

reference axes are calculated (Zhou and Wang, 2007). It is inevitable to know the present 

mineral phases of the specimen beforehand in order to set up the reference patterns as 

otherwise no match can be found by the software. 
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A IV.6 Electron probe microanalysis 

Electron probe microanalysis (EPMA) is a common technique which provides in situ 

morphological (shape and roughness), qualitative and quantitative chemical data of 

small sample volumes (several µm³) by a non-destructive measurement. This method is 

mainly established in materials science for ceramics and glass, as well as in geoscientific 

fields including geochemistry and mineralogy. 

This technique is based on the same principles as a SEM as the experimental 

setup only differs by an additional X-ray detector (Goodhew et al., 2001). High 

temperatures of a tungsten filament placed inside the gun lead to the production of 

electrons, which are then accelerated due to their charged particle characteristics. 

Microvolumes of highly flat and polished sample surfaces are bombarded with an 

electron beam focussed by electrostatic lenses. Interactions between the electron beam 

and the electrons of the atoms in the sample lead to the emission of X-rays. The 

wavelength of the emitted X-rays is characteristic and element-specific. The composition 

of a specimen can be identified by the acquisition of WDS (wavelength-dispersive 

spectroscopy) spectra. Furthermore, the interaction between the focussed electron beam 

and the sample surface can lead to the generation of other secondary particles (e.g., BSE, 

SE, CL). These may provide more information on the composition of the analysed 

specimen.  

Most of the machines are equipped with built-in microscopy tools which allow 

for the collection of simultaneous X-rays as WDS and EDS spectra as well as BSE and 

high resolution SEM imaging. 
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