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Abstract
This dissertation’s research is part of the DFG funded working group named CHARON, which

is running since 2013, encompassing two phases with this work being part of the second phase.
The aim of the CHARON working group is the collection of an extensive and diverse
information pool on the diagenesis of calcium carbonates. The general goal was to make

palaeoenvironmental reconstructions more precise and reliable.

The role of this subproject was the in-depth investigation of the individual steps of the
diagenetic overprint process on calcium carbonate skeletal parts of biogenic origin. Along with
XRD and AFM analyses, the most important method was electron backscatter diffraction
(EBSD) coupled with scanning electron microscopy (SEM). This way comprehensive results
on ultrastructure, mineralogy, crystallography, and textural features like the porosity, and the
ultrastructure along with their alteration during diagenesis or the experimental hydrothermal

treatments, respectively, were compiled.

For this, fossil material was utilized, as well as material which has been hydrothermally treated
in a laboratory setting. The fossil material consisted of brachiopods from the extinct taxa
Afghanospirifer sp., Alispirifer middlemissi, Gigantoproductus sp., Gypospirifer sp., Hunzina
electa, Terebratula scillae, Tetractinella trigonella, Trigonotreta larghii, and Trigonotreta
lyonsensis. The fossils originated from four geological basins: the Castell’Arquato Basin in
northern Italy with a thermal gradient of up to 50 °C, the Pennine Basin in central northern
England with a thermal gradient between 100 and 120 °C, the Lombardian Basin in northern
Italy with a thermal gradient ranging from 150 to 200 °C, and the complex Karakoram Basin in

the very north-east of Pakistan with a thermal gradient between 300 and 350 °C.

The recent materials that were utilized for the hydrothermal experiments were various extant
marine organisms: the bivalves (mussels) Aequipecten opercularis, Arctica islandica, and
Mytilus edulis, the sea snail Haliotis ovina, and the stony coral Porites sp.. Additionally,
aragonitic as well as calcitic inorganic monocrystals were employed in the experiments. The
experimental setup comprised one temperature of 175 °C, two alteration fluids: burial and
meteoric, four time spans ranging from 4 to 28 days (pristine and, where available, fossil

material has also been investigated), and the five different materials mentioned above.

Results from the naturally and laboratory altered samples reveal that the overprint process
proceeds along a specific line of events, but presents small variances in the strength of the

individual characteristics. All samples showed the sequence of 1) loss of the organic matter



leading to the formation of secondary porosity, enhancing the overall porosity, as well as
mechanical disintegration along textural features, 2) amalgamation of singular ultrastructural
units into larger clusters by merging and the adaptation of one common orientation, leading to
the distortion of the characteristic shapes of the ultrastructural units into more rounded shapes
while maintaining the existing mineralogy, and 3) nucleation of secondary calcite grains in the
open cavital space and, with ongoing growth, the substitution of the pre-existing ultrastructure

and mineralogy by secondary calcite.

The factors influencing the rapidity and strength of an overprint were determined and isolated.
The external ones are the obvious ones, such as 1) the temperature or geothermal gradient. This
naturally presents a positive correlation to the level of overprint. That means, the higher the
temperature, the stronger the overprint. The same holds true for 2) the duration of the influence
and the prevailing 3) pressure conditions: the longer the duration and the higher the pressure,
the stronger the overprint. 4) The alteration fluid, through its contained inhibitors, influences
the intensity of the dissolution and reprecipitation of the mineral matter. The influence of the
internal factors is more complex. 5) The ultrastructure determines the amount and distribution
of the organic matter as well as the mineralogy and interfacial energy. 6) The organic matter,
through its disintegration, forms the network of the interconnected secondary porosity and
determines the extent of the cavital space. 7) The porosity enables the percolation of the
alteration fluid and presents open space for the nucleation of secondary calcite. 8) The
mineralogy defines the solubility of the material and influences the extent and kinetics of the

dissolution.

This research lies in the field of palacoenvironmental reconstruction. This is primarily done
with the aid of geochemical proxy carriers, such as the calcium carbonatic skeletal parts of the
marine invertebrates investigated in this work. Such a geochemical proxy would, for example,
be the oxygen isotopes. Measuring the ratio of the heavy '®0 isotope to the light %0 isotope
gives information on how much cryosphere, meaning ice matter, has been present at the time
of life of the animal used for this hypothetical investigation. It is a common occurrence that
during the formation of biogenic minerals, these minerals do not form in accordance with the
environmental conditions surrounding the animal. This is made possible, because some animals
can influence the conditions in the areas of growth at a small scale, so that phases that are
metastable or instable can form regardless. This can only be upheld during the lifetime of the
organism. But after the death of the organism, its sedimentation and through diagenesis comes

an alteration of the skeletal hard parts. As will be shown in this dissertation, this alteration
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encompasses various processes of dissolution and reprecipitation. This leads to the ablation of
primary, original matter and the addition of secondary, new material. With that the primary
isotopes are exchanged by secondary isotopes and the measurements do not represent the
isotopic signature of the time of life of the organism any more. As marine carbonates are most
commonly used for palacoenvironmental reconstructions, the findings of this research can, for
example, be used to determine if and to which level the material at hand has been altered. The
detailed investigations allow to pinpoint all specific occurrences individually for each area or
ultrastructure. Furthermore, the specific reactions and susceptibilities of the wvarious
ultrastructures to develop certain features were worked out. These and further findings of this
work allow to assess the suitability of the general material as well as specific areas of it as a

geochemical proxy carrier.
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1 Introduction
The research of this project was conducted as a subproject of the DFG funded group project

called CHARON, standing for “marine Carbonate arcHives: controls on cARbonate
precipitation and pathways of diagenetic alteratiON”. At the time of this work, the CHARON
project was in its second phase. Is was constituted of eight project groups from Germany,
Austria, and Italy: Ruhr University Bochum (seat of coordinator Prof. Dr. Adrian Immenhauser
and Dr. Chelsea Pederson), Graz University of Technology, Westphalian Wilhelms University
in Miinster, Ludwig-Maximilians University in Munich (location of this work), University of
Milano, University Gottingen, and Helmholtz Centre for Ocean Reasearch (GEOMAR) in Kiel.
Additionally, many further associate researchers were included in this group project (Ruhr-
University Bochum 2020). It was a very interdisciplinary research group for a very
interdisciplinary topic, covering the fields of geology, geobiology, palacontology, mineralogy,

crystallography, material science, and (isotope) geochemistry.

The general research aim of the CHARON project was to generate an information pool on
marine carbonate archives filled with data from these different fields and to interconnect their
output. The goal of CHARON was to make scientific studies and future prognoses on the
evolution of the climate and the physio-chemical sphere of the earth’s continents and oceans

more accurate and reliable.

There are many different kinds of marine carbonate archives. They can be of organic or
inorganic origin. Organic calcium carbonates often utilized are the skeletons of marine
organisms, such as the shells of brachiopods and bivalves, or the remains of stony corals for
example in the form of reefs and build-ups which commonly occur in shallow water
environments. Other carbonate accumulations that can be found in shallow water environments
are sediments forming on the ocean floor through the build-up of particles (figure 1.1). Due to
their frequency and versatility of occurrence in combination with the abundance of information
they yield due to their role as ,,sink or source of carbon within the global carbon cycle®, marine
carbonates are one of the main elements in investigations and modellings that concern the
function of the greenhouse gas CO» in connection with future global climate change (Schneider

et al. 2006).
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Figure 1.1: Schematic sketch of shallow water carbonates. Taken from Schneider et al. (2006) (slightly modified).

After their sedimentation, marine carbonates are being continuously altered through various
environmental processes. Examples for such processes are compaction, elevated temperatures
and elevated stress, change in chemical composition, and dissolution and reprecipitation
induced by percolating fluids (i.g. Chapman 1987, Deming et al. 1990, Grotzinger et al. 2008,
Krumbein 1942, Moore and Wade 2013, Serra 1986, Yamamoto et al. 2017). These processes
manipulate the starting material, resulting in a corruption of the original isotope signals (Li et
al. 2018, Tucker and Wright 1990). If not taken into account, the outcome of isotope analyses
based on the marine carbonate archives are distorted and falsified. These alterations of the
carbonate archives through the “overprint of environmental and metabolic signatures represents
the single most significant obstacle in deep-time carbonate archive research” (Ruhr-University

Bochum 2017).

Not enough research has been done on these influencing factors, so the CHARON working
groups teamed up in this nearly decade long research to produce comprehensive data on
different proxies, including geochemistry, fabrics, and mineralogy. This work is focussed on

the fields of mineralogy, crystallography, and palaeontology.

More precisely, my part in this project is the assessment of diagenetic processes occurring in

marine carbonatic skeletons. Thereby I examined fossil material from different provenances
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and basins with different ages and diagenetic histories. To get insight into the intermediate
stages and for being able to assess the influence of various impact factors, I supplementary
implemented laboratory based hydrothermal alterations on pristine materials. As a last step |

set the results of the fossil and the laboratory altered materials into context with each other.

This assessment of the diagenetic overprint of fossil carbonatic hard tissues is the key to get
insight into palacoenvironmental dynamics. As mentioned above, the main hurdle that remains
is the shift in the original isotope signatures through diagenesis. So in understanding the process
of diagenetic overprint and in breaking it down into the intermediate stages, potentially

previously made errors could be impeded and the precision could be enhanced.

1.1 Calcium carbonates
Although mostly only known as an undesired precipitate in the kitchen or bathroom by non-

scientists, with more than 4 % in the earth’s crust — occurring as chalk, limestone, marble,
marine sediments and biominerals — calcium carbonate constitutes one of the most important
rock-forming minerals (Beck and Andreassen 20120, Sawada 1997). In their book Tucker and
Wright (1990) give very comprehensive information on the general topic of carbonate

sedimentology.

1.1.1 Polymorphs
Along with its abundance, calcium carbonate also possesses a wide variability of forms and

characteristics: crystalline or amorphous, inorganically or organically grown, with a high

content of substituting ions or very pure.

There are some crystallographically diverse forms, different minerals and mineraloids
(amorphous mineral-like substance with no crystalline form) of the same elementary
composition, termed polymorphs. In the case of calcium carbonate there are the three anhydrous
minerals calcite, aragonite, and vaterite, as well as the mineraloid amorphous calcium

carbonate, abbreviated ACC (Beck and Adreassen 2010).

Within the calcium carbonates, calcite is the most common representative found in nature
(Lippmann 1973, Reeder 2018, Smyth and Ahrens 1997), due to the fact that it is the one
polymorph stable at ambient conditions on the earth’s surface (Casella et al. 2017, Casella 2018,
Frisia-Bruni and Wenk 1985, Kawano et al. 2009, Plummer and Bisenberg 1982, Radha and

Navrotsky 2013). Calcite is an anhydrous calcium carbonate and has a rhombohedral unit cell,
-3-



hence it is sorted into the trigonal crystal system (Tucker and Wright 1990). It has a density of
2.71 g/em® (Northwood and Lewis 1968) and a solubility product of -8.48 at 25 °C (Sawada
1997, for detailed investigations see Ogino et al. 1987, and Plummer and Busenberg 1982).
Calcite containing more than several mole % MgCOs (the separation line is not specified, but
often set at 4 mole %) are assigned to the magnesian calcites (Tucker and Wright 1990). In
marine environments many calcitic materials like calcareous skeletons and cements are build
out of magnesian calcite. Investigations of modern marine skeletons and cements containing
magnesian calcite present clear evidence for a positive correlation between the Mg content and
the ambient temperature at the time of formation. However, data exists pointing likewise to a
correlation of the Mg content in the forming calcite and the concentration of COs* in the
surrounding seawater. Hence, thoughtful contemplation has to be applied when analyzing and

interpreting these complex systems (Tucker and Wright 1990).

Aragonite is the anhydrous calcium carbonate polymorph stable at high pressure conditions and
can be found in most marine cements (Frisia-Bruni and Wenk 1985). It also is a commonly
known mineral built by organisms like bivalves, gastropods, or corals, formed through
biomineralization (Frisia-Bruni and Wenk 1985). Aragonite is orthorhombic and has a density
of 2.93 g/cm® (Northwood and Lewis 1968) and a solubility product of -8.34 at 25 °C (Sawada
1997).

A very rare anhydrous polymorph is vaterite. It can be formed through hydrothermal synthesis
(Mukkamala et al. 2006, Zhang and Lin 2004), but also through biomimetic mineralization by
bacteria (Rodriguez-Navarro et al. 2007, Xu et al. 2006). In this latter context it occurs within
gallstones and kidney stones (Lee and Chen 2009, Sutor and Wooley 1968). Vaterite is
hexagonal (Kamhi 1963, Xu et al. 2006), has a density of 2.56 g/cm?® (Northwood and Lewis
1968) and a solubility product of -7.91 at 25 °C (Ogino et al. 1987).

Amorphous calcium carbonate, abbreviated ACC, is “isotropic in polarized light and does not
diffract X-rays” and is hence described as amorphous (Addadi et al. 2003). Consequently, it is
a very energetically unfavourable material and is “inherently unstable and relatively soluble in
its pure state” (Weiner et al. 2003). However, there are different kinds of ACC. It can be
inorganically or organically formed, and the most curious kinds are within the biogenic ACC.
They can possess a “short-range order” and thereby become stable (Addadi et al. 2003, Weiner
et al. 2003). Quite recently it has also been found that some organisms produce a “transient

amorphous calcium carbonate phase” when forming their calcified skeletons (Wang et al. 2009,



see also Aizenberg et al. 1996, Beniash et al. 1997, Ma et al. 2008, Politi et al. 2004, Politi et
al. 2008, Raz et al. 2000, Weiss et al. 2002).

As already mentioned briefly, there are further polymorphs of calcium carbonate. Besides the
anhydrous polymorphs there are various hydrous polymorphs, such as monohydrocalcite and
ikaite (calcium carbonate hexahydrate) (Addadi et al. 2003). But for they are irrelevant for this

work, they are disregarded herein.

1.1.2 Biogenic calcium carbonatic skeletons of marine organisms
The classical occurrences of these materials are hard parts of marine invertebrates, such as

bivalves, gastropods, stony corals, or brachiopods. These hard parts are comprised of calcite
and/or aragonite in various ultrastructures. After their time of life, the organisms sink onto the
ocean ground and get buried during sedimentation. Following, they undergo the geological
processes of subduction, diagenesis, and the re-emerging through orogenesis or another tectonic

process. The material now presents an altered condition.

Biogenic carbonates have been utilized as high resolution archives for a very long time (e.g.
Angiolini et al. 2011, Johnson et al. 2009, Schoéne et al. 2005). They occur in strata at many
localities all over the world, hiding within the stories of past times and past places. In their
structures, such as growth lines in brachiopods, the organisms record the ambient conditions of
the ancient oceans (Compston 1960, Grossman et al. 1993, Popp et al. 1986, Parkinson and
Cusack 2007) through the “primary seawater isotope composition” (Angiolini et al. 2011).
However, the information in the altered material needs to be decoded by considering the events
and circumstances the pristine material went through since the time of death of the organism.

For that it is inevitable to immerse oneself into the specifics of diagenesis.

1.2 Diagenesis
Diagenesis is one of the essential geological processes. It entails all processes after

sedimentation that lead from a loose sediment to a solid rock (Grotzinger et al. 2008, Tucker
and Wright 1990). Some occurring processes are compaction through the weight of overlying
material or plate tectonics and mineralogical or chemical changes through the influence of fluid
or ambient conditions such as heightened pressure and temperature. So diagenesis entails not
only physical, but also chemical processes. Hence it leads to changes in the signatures of trace

elements and isotopes (Tucker and Wright 1990).



Dissolution and reprecipitation processes during diagenesis follow the path to minimal Gibbs
free energy under the current conditions (Altree-Williams et al. 2015, Casella 2018, Milke et
al. 2013, Nakamura and Watson 2001, Putnis and Ruiz-Agudo 2013, Serra 1986). These
processes are interactions between the solid mineral phase and the fluid phase. After the
dissolution of the pre-existing mineral phase in contact with the fluid it becomes supersaturated
with regard to the thermodynamically stable phase under the prevalent conditions, which leads
to the nucleation of the new mineral phase onto the surface of the pre-existing mineral phase
(Casella 2018, Dove and Hochella 1993, Giuffre et al. 2015, Liittge and Arvidson 2010, Palmer
and Wilson 2004, Pina et al. 1998, Ruiz-Agudo and Putnis 2012, Ruiz-Agudo et al. 2012, Ruiz-
Agudo et al. 2014). These overprint processes (for in-depth discussion see chapter 5) lead to a
falsification of the original isotope signature (Casella 2018, Li et al. 2018, Tucker and Wright
1990).

The end of diagenesis comes either with the elevation of the rock stratum to the earth’s surface,
or, if the influencing parameters (e.g. temperature, pressure) are even more elevated, the process
of diagenesis transacts to the process of metamorphosis (Tucker and Wright 1990). There is no
strictly defined line between diagenesis and metamorphosis; the transition is fluent. However,
while the fossil materials of this research all show the typical signs of diagenetic overprint, the
defining characteristics of metamorphosis can not be found in the sample material of this

research.



1.2.1 Carbonate diagenesis
Naturally, for the diagenesis of carbonatic material specifically the same conditions apply as

described in the last chapter. However, carbonate minerals are known to be more susceptive to
diagenetic alterations, such as dissolution, recrystallization, or replacement reactions, than other
minerals (Boggs and Boggs 2009). Still it is important at this point to make the separation
between geologic carbonates and biogenic carbonates. Geologic carbonates refer to strata made
up of a carbonatic rock matrix, while biogenic carbonates are organically formed hard parts of

organisms that are trapped in a rock matrix.

Geologic carbonate sediments are “intrabasinal deposits” (Boggs and Boggs 2009) and are
largely formed in marine environments. They are comprised of comparably few main minerals:
aragonite, calcite, and dolomite. At the time of their deposition these inorganic carbonate
minerals stand in chemical equilibrium with the ambient fluids. There are specific diagenetic
processes of carbonatic sediments that exhibit some substantial differences to other materials,
such as siliclastic sediments. Also within the carbonate diagenesis itself differences can be
found: often non-marine carbonate sediments are more resistant to the diagenetic alteration,
because they are build up of the more stable low-magnesium calcite (Boggs and Boggs 2009).
Talking about diagenesis of geologic carbonates it is important to mention the substitution of
the original Ca®" cation. In the course of dissolution-reprecipitation reactions during diagenetic
alteration the original cation can be exchanged by Fe?*, Mg?*, Mn?", Na**, Pb**, Sr**, Zn*" etc.
that have been transported by the alteration fluid. The ions stand in complex correlations to
each other, affecting the partition coefficient between the mineral phase and the solution
(Bodine et al. 1965, Brand and Veizer 1980, Brand and Veizer 1981, Burke et al. 1982, Ichikuni
1973, Kinsman 1969, Peterman et al. 1970, Pingitore et al. 1988, Schroeder 1969). For example,
some ions act as inhibitors that form a complex at the mineral surface in areas where dissolution
would preferably take place (Arvidson et al. 2006, Brand 1994, Compton and Brown 1994,
Lahann 1978, Morse 1983, Reddy and Wang 1980, Vinson et al. 2007). With the exchange of
ions comes a change of the initial chemical imprint that is utilized for palacoenvironmental
reconstructions (Abdolmaleki and Tavakoli 2016, Finch et al. 2001, Fiirsich et al. 2005). Apart
from the fluid chemistry, the mineral phase is another important factor. Metastable mineral
phases like aragonite or high-magnesium calcite react more easily to diagenetic alteration and
transform into the thermodynamically stable low-magnesium calcite (Bathurst 1975, Bennett et
al. 2011, Brand and Veizer 1980, Brand and Veizer 1981, James and Jones 2015, Land 1967,
Morse 2003).



Biogenic carbonates are the main focus of this work for they are the working material comprised
of fossil and recent skeletal parts of marine organisms. This material has been utilized very
frequently for palaeoenvironmental reconstructions in fascinating detail, mostly by using
chemical and isotopic signatures (Bauwens et al. 2009, Campbell et al. 2002, Frei et al. 2011,
Frimmel 2009, Grossman et al. 1993, Guo et al. 2019, Khim et al. 2000a, Khim et al. 2000b,
Rozanski et al. 1997). For example, it is possible to get insight into the seasonality through the
growth increments of a bivalve (Poitevin et al. 2019, Schone et al. 2005). During the formation
process of the biogenic skeletal parts, the organisms are able to create tissue that is not in
thermodynamic equilibrium with its surroundings. After death and enhanced through the
prevalent conditions during diagenesis these metastable and instable phases are being
transferred into an “inorganic equilibrium” through the formation of a phase that is
thermodynamically stable under current conditions (Casella et al. 2017). In hydrothermal
alteration experiments, mimicking natural diagenesis, it has been found that this replacement
of the biogenic material by secondary calcite occurs at temperatures of roughly 175 °C and
above in presence of burial fluid within the short time span of the experiments (Casella et al.
2017, Ritter et al. 2017). For this reason, all experiments of this work were carried out at this
temperature (details see chapter 2.2). Furthermore, multiple experiments showed that the
mineralogy and texture of the biogenic materials affect the course of the alteration. Possible
factors for this are the surface area that is exposed to the alteration fluid, or the amount of
organic matrices (Anderson et al. 1973, Casella et al. 2018a, Casella et al. 2018b, Perrin and
Smith 2007). Of course, also within the biogenic carbonates the chemical and isotopic
signatures become substituted in the course of dissolution-reprecipitation reactions and
biogenic material becomes substituted by inorganic secondary calcite (Grossman et al. 1993,
Immenhauser et al. 2005, Immenhauser et al. 2015, Korte et al. 2005, Miiller et al. 2001,
Pederson et al. 2019a, Pederson et al. 2019b, Richardson et al. 2001, Ritter et al. 2017).

1.2.2 Varying impact factors
The progression of diagenesis is determined by some various factors, such as temperature,

pressure, material, time, and fluid chemistry. Obviously, all these factors are strongly

determined by the geological setting and greatly interact with each other.

The temperature frames the borders of diagenesis and separates it from the subsequent
metamorphosis. Obviously the temperature stands in positive correlation to the level of

alteration. It is closely linked to the depth and the pressure conditions that prevail. And although
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the heat flow within sedimentary basins is generally governed by conduction, the fluid also
plays an important role for it transports the heat (and dissolved material) through the masses

(Bjorlykke 1994).

The mineralogy and texture of the material is another important factor. It encompasses features
like porosity and grain size, which are impacting the dissolution process. One important feature
for this work is the porosity. While compaction due to burial leads to a decrease in porosity,
disintegration of the organic matter and dissolution result in an increase in porosity (Tucker and
Wright 1990). The porosity and scope of fractures determine the permeability of the material
and hence have a strong impact on the diagenetic alteration for it consequently also determines

the flux of the pore water (Bjorlykke 1994).

It has been found that different textures react differently when altered under the same conditions
(Casella 2018). For the mineralogical and crystallographic changes during alteration are
determined by the pursue of equilibrium, the difference of solubility and density of the materials
have a great influence. The discussion (chapter 5) gives detailed information on the different

effects of diagenetic alteration on different ultrastructures of the material used in this work.

A complicated factor is time. Of course it is one of the main factors, but can not be reproduced
by the scientists in laboratory experiments that aim to mimic the conditions occurring during
natural diagenesis. After all, the geological time frames of hundreds of millions of years
transcend the lifespan of any human, and most likely humanity itself, by a multitude. Still, as
this work and many more before show, all stages of carbonate diagenesis up to the substitution
of the pre-existing mineral matter by secondary calcite can be reproduced in experiments

pending one month of duration (Casella 2018, see also chapter 4 within this work).

However, a factor that can easily be regulated by the scientists in the experiments is the fluid
chemistry. The contained ions strongly determine the path of dissolution-reprecipitation
processes, for it affects the equilibrium that the material strives for. In regards to the fluid three
different diagenetic environments can be distinguished in the natural realm: marine, meteoric
(near-surface), and burial. One could name a fourth diagenetic environment, which would be
the mixing zone of marine and meteoric fluids (figure 1.2) (James and Jones 2015, Tucker and
Wright 1990). Logically, diagenesis with marine pore fluid happens at the seafloor and
immediately below. If the depositional region is close to the surface or shore, it can get from a
marine to a meteoric diagenetic environment shortly after deposition; e.g. through being
transported to a supratidal flat through a storm, or through the tides or the shift of the shore line

(Tucker and Wright 1990). The presence of meteoric pore water leads to the dissolution of
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biominerals like aragonite and high-magnesium calcite for it is under-saturated with regard to
these minerals, and it will cause the precipitation of low-magnesium calcite in return (Bjerlykke
1994). Although meteoric diagenesis generally takes place in near-surface realms like
continental planes it also appears in greater depths in proximity to aquifers with a “strong
hydraulic head and recharge descending into the deep subsurface” (Tucker and Wright 1990).
The burial environment is a quite complex system and not easily understood. The burial realm
starts underneath the meteoric realm in depths of ten to several thousand meters (Tucker and

Wright 1990).

Diagenetic environments for carbonates

Figure 1.2: Schematic sketch of the diagenetic environments for carbonates. Created after James and Jones (2015).
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1.3 Geological basins
There are different kinds of geological processes, which form different kinds of geological

basins; a geological basin simply defined by being a depression in the earth’s crust where
material congregates. Their sizes vary greatly, ranging from the large oceans’ basins, like the
Pacific basin, to small ponds. Among earth scientists, the term “sedimentary basin” is generally
applied to basins with a scale of more than 100 kilometres and for which formation a
“significant crustal deformation” was necessary (Helwig 1985). This definition of a basin is
referred to in this work. Such depressions often act as a deposit for marine organisms after their
death, which is also the beginning of the process of overprint for these organisms (see chapter

1.2.1).

There are different approaches when it comes to basin classification, and the most plausible
definition comes from Helwig (1985): “A sedimentary basin is a domain of regional subsidence
that can be characterized in space, time, and sedimentary fill”. Helwig (1985) summarized and
analyzed the older concepts and introduced a new classification. He reviews that the older
suggestions (e.g. Klemme 1980, St. John et al. 1984) use too few and often not relevant
characteristics. For instance, the one developed by Bally and Snelson (1980) “focus[es] [only]
on the broader tectonic setting”, while Kingston et al. (1983) only “focus on basin form and
complex history”. So Helwig proposed a characterization of sedimentary basins, based not only
or mainly on plate tectonics, but simultaneously on the mechanisms of subsidence. In this
“genetic (process) characterization” only the relevant features of sedimentary basins, which
formed during the development of the basin, are identified. These would incorporate the form
and fill of a basin, but also age, mechanics, and tectonics. Firstly, he organizes the basins into
two types, determined by their shape: normal faulted “rift basins” with a “symmetrical, concave
upward” shape, and thrust faulted “flextural basins” with an “asymmetrical, wedge-shape”. Rift
basins result from extensional stretching and thinning processes within the lithosphere. They
can accumulate a maximal sedimentary load of 15 kilometres. This is limited due to the rifting
of lithosphere creating oceanic crust which, under isostatic sediment loading, can sink to this
deepness of roughly 15 kilometres. The thermal regime within a rift basin shows increasing
heat flux directly proportional to the scope of the extension (McKenzie 1978). One example for
the occurrence of rift basins are divergent plate boundaries. The second type of sedimentary
basins, the flextural basin, results from the lithosphere being pushed down from a heavy load
as a consequence of a compressional tectonic setting (Price 1973). Here, the maximal thickness
of the accumulated sedimentary layer can rise up to several ten kilometres, which is determined

by the material and the properties of the lithosphere (Beaumont et al. 1982). Flextural basins
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show no significant change in thermal regime. An example of the occurrence of flextural basins
are convergent plate boundaries (Helwig 1985). In their comprehensive textbook “Basin
Analysis: Principles and Application” Allen and Allen (2005) also applied this segmentation

into “basins due to lithospheric stretching” and “basins due to flexure”.

The idea that basins are affected by a variety of geological events, not only one, was firstly
introduced by Kingston et al. (1983), only shortly before Helwig’s publication. A much more
modern approach for basin classification, from the 2000s, is by categorization of the basin-
forming phases that are represented in so-called tectonostratigraphic megasequences, or TSMs.
These TSMs are a rough segmentation of the sediment layers, each representing a different
basin-forming geological process. The beginning and the end of each TSM, as well as the
segmentation between them, is defined by unconformities (Hubbard et al. 1985, Roberts and
Bally 2012). This seems a very good approach, because it considers the most variables and
provides the most information on the basin, compared to other approaches. In his short review
on basin classification Roberts (2012) described the details, in which the preferred approach of
the use of TSMs exceeds other approaches, while also shedding light on the complexity of basin
formation. Some of the elements of the TSM approach affecting only temperatures and
palaeotemperatures in sedimentary basins are “variations in thermal conductivity, internal heat
generation by radioactive decay and chemical reactions, convective / advective heat transfer
within sediments, and surface temperature changes” (Allen and Allen 2005). It is the prevailing
opinion among scientists that, as yet, there is no method that manages to considers all the
influencing factors (Allen and Allen 2005, Roberts 2012). As Helwig (1985) put it: “Tectonic
classification of basins is fraught with conceptual pitfalls, burdened with semantics, and
crippled by the variety and complexity of basins”, but the “correct classification is fundamental
for understanding basin history, constructing predictive models of basin development, and

evaluating hydrocarbon potential”.

For the means of this work, it was no main objective to fully characterize each basin. It was,
however, very important to ascertain specific details during the active phase of the basin as well
as the following uplift during orogenesis: age, thermal gradient, and stress / strain. These values
were directly compared to each other and helped to evaluate the features found in the fossils.
Rock rheology was also an important feature, but for it is comparably similar within all basins

of this work and hence was not of sufficient relevance, it was disregarded in the discussion.

One method to recalculate the maximal temperatures arisen within a basin is through the
determination of thermal maturity by means of vitrinite reflectance, an optical parameter. It
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uses the predictability of the reaction of the reflectance of vitrinite to temperature (see Burnham
and Sweeny 1989, Lopatin 1971, Sweeny and Burnham 1990). This technique is an old (popular
guidances date back to Bostick and Alpern 1977, Bostick 1979, Dow and O’Connor 1982, Hunt
1979, Stach et al. 1982, Tissot and Welte 1984, and van Gijzel 1982) but still a very common
method amongst the organic indicators. When plotted versus the depth, it can even function as
a thermochronometer, giving the shift of temperature with time as well as the maximal
palaeotemperature. Other renowned thermochronological methods are apatite fission track

analysis and the diffusion of helium whilst U-Th decay (Allen and Allen 2005).
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2 Materials and methods
2.1 Materials

There were two different types of specimens adduced for this study. Firstly, there were extant

and recent species of a coral, a sea snail, and three bivalves, that were investigated in pristine
and altered condition, and, if available, fossil condition. For basic comparison also inorganic
aragonite and calcite monocrystals were altered and investigated. In the following these samples
are combined into the alteration series project. Secondly, fossil brachiopod samples were taken
from different geological basins; in the following referred to as fossil project. All fossil taxa are
extinct and therefore have no extant comparison material. All taxa, from the alteration project
as well as the fossil project, lived in solely marine environments. The following tables 2.1 and

2.2 list the specimen and the applied analytical methods in an overview.
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Table 2.1: Overview of analytical methods applied on the materials of the alteration series project. Digits give
the number of data sets acquired for the respective method.

alteration condition
Auid specimen (taxonomy) (alteration XRD AFM | SEM | EBSD | EDX
duration)
pristine 1 18 - - -
4 days 1 - 19 3 2
o . 7 days 1 30 18 - -
Arctica islandica i 1 17 1 > -
28 days 1 - 9 1 -
fossil - 2 16 2 -
pristine 1 - 12 - -
4 days 1 23 35 8 1
Mytilus edulis 7 days 1 33 8 2 2
14 days 1 24 4 4 =
28 days 1 - 7 2 -
) pristine 1 - 4 - -
M=tne 4 days 1 24 | 37 2 .
Haliotis ovina 7 days 1 39 4 2 -
14 days 1 118 | 13 3 -
28 days 1 - 20 10 -
Haliotis tuberculata fossil 1 - 18 8 7
pristine - - - - -
4 days 1 10 17 2 2
Porites sp. 7 days 1 6 5 : :
14 days 1 9 12 3 -
28 days 1 - 28 2 -
Porites pusilla fossil 1 - 4 2 1
inorganic aragonite 1 - 7 1 1
inorganic calcite 1 - 8 1 1
- - - 28 days
inorganic aragonite 1 - 6 2 1
inorganic calcite 1 - 3 1 1
pristine 1 - 29 8 -
burial 4 days 1 33 13 - -
Aequipecten opercularis 7 days 1 i - 1 -
14 days 1 74 4 1 -
28 days 3 - 29 3 -
fossil 1 - 32 2 -
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Table 2.2: Overview of analytical methods applied on the materials of the fossil project. Digits give the number
of data sets acquired for the respective method.

sedlme-ntarv ther!'nal specimen (taxonomy) specimen SEM | EBSD | EDX
basin gradient number
Castell A-rquato up EO >0 Terebratula scillae V14b 2 3 -
Basin C
y ; 100 - :
Pennine Basin 5 Gigantoproductus sp. V2b 4 2 -
120 °C
Lombardian 150 - . .
Bl 200 °C Tetractinella trigonella Via 2 2 -
Baroghil Pass, Hunzina electa V3al 2 2 -
Lashkargaz )
; Hunzina electa V6a 6 1 1
Formation
Karambar Pass, DR ——
Gircha qEnotte val 17 | 1 .
. lyonsensis
Formation
Karakoram 300 - Chapursan Trigonotreta
] : va7 8 2 -
Basin 350°C Valley, lyonsensis
Glrch.a Tr:gonotieta V49 24 7 i
Formation larghii
Karambar Pass, Gypospirifer sp. V42 5 5 -
Twin Vglleys Afghanaospirifer V46 14 3 i
Section sp.
Lashkargaz Alispirifer cf.
Gulley middlemissi V0 13 2 )

2.1.1 Alteration series project
The compilation of the recent specimen comprises eight different aragonitic and calcitic

ultrastructures (acicular araognite, prismatic aragonite, cross-lamellar aragonite, fibrous calcite,
foliated calcite), including three different layers of nacre: sheet nacre, columnar nacre, and
nacre in brick-and-mortar arrangement. With this the most commonly used ultrastructures

utilized for palaeoecological research are covered.
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2.1.1.1 Aequipecten opercularis
The bivalve Aequipecten opercularis (Linnaeus 1758) (figure 2.1) belongs to the family

Pectinidae. Since the Miocene, approximately 20.43 Ma ago, the species exists in the northeast
Atlantic as a “facultatively mobile epifaunal suspension feeder” (Dhond 1971, Linnaeus 1758,
Marquet and Dijkstra 2000, Wood 1848, Woodring 1982, recorded in the Paleobiology
Database Fossilworks, accessed 13.03.2019).

The shell consists predominantly of foliated calcite, while aragonite can only be found on the
shell inside in areas of muscle insertions and in thin layers within the pallial line showing a
crossed lamellar microstructure (Checa et al. 2007). The foliated calcitic ultrastructure is made
up of interlacing mineral units with a gradiently shifting inner orientation. These calcite grains
have a great variation in size and shape, but the crystallographic orientation is quite alike. At
the interface to the aragonitic layer on the inside, the calcite is arranged in thin elongate mineral

units of very small size.

The specimens were collected by and received from Prof. Dr. Antonio Checa, working at the
University of Granada, Spain. The valves had a size of approximately 4 x 4 cm and originated
from adult specimens. The pieces that were cut out and utilized in the experiments were from
different specimen, but the same section in the middle of each respective shell, where the

aragonite layer of the muscle insertions was present.

Figure 2.1: Overview of pristine Aequipecten opercularis (own material).
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2.1.1.2 Arctica islandica
Arctica islandica (Linnaeus 1767) (figure 2.2), belonging to the family Arcticidae of the

bivalves, is a very widely spread species, distributed from the coasts of North America to the
Baltic sea. The species emerged 28.4 Ma ago and lives as a “facultatively mobile infaunal
suspension feeder” (Woods 1848, recorded in the Paleobiology Database Fossilworks, accessed

13.03.2019).

Arctica islandica shows only one type of ultrastructure, that is comprised of cross-lamellar
aragonitic mineral units of varying sizes containing a high organic content (Casella et al. 2017,

Greiner et al. 2018).

The material from this species was collected from Loch Etive waters in Scotland and from a
fishing company in northern Iceland. All pristine and altered pieces were cut from two large
valves with the size of approximately 10 x 10 cm. It was seen to that the individual pieces were

cut in closest possible proximity to ensure maximal comparability.

Figure 2.2: Overview of pristine Arctica islandica (own material).
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2.1.1.3 Haliotis ovina
The only gastropod investigated in this research, Haliotis ovina (Gmelin 1791) (figure 2.3),

belongs to the family Haliotidae (Gmelin 1791, recorded in World Register of Marine Species
WoRMS). It lives as an “epifaunal grazer” in environments such as reefs, buildups, or bioherms
(Ladd 1966, Short and Potter 1987, Wilson et al. 1993, recorded in the Paleobiology Database
Fossilworks, accessed 18.03.2019).

Haliotis ovina shows two ultrastructural units. Towards the outside of the shell lies a layer of
aragonite prisms that are enclosed by a network of biopolymer fibrils. Towards the inside of

the shell a layer of columnar nacre tablets can be found.

This specimen was collected at the reef flat of Heron Island in Queensland, Australia. All
pristine and altered material was cut from one shell that had the approximate size of 3,5 x 5 cm.
To get portions that are as similar as possible, the pieces were cut close together from the middle

portion of the shell.
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Figure 2.3: Overview of pristine Haliotis ovina (own material).
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2.1.1.4 Mytilus edulis
The bivalve Mytilus edulis (Linnaeus 1758) (figure 2.4) belongs to the family of the Mytilidae.

It lives as a “‘stationary epifaunal suspension feeder” in shallow subtidal marine environments
such as coastal reefs, buildups, or bioherms (Coan et al. 2012, Hertlein und Grant 1972,
Kafanov 2003, Richards 1962, Wood 1848, recorded in the Paleobiology Database Fossilworks,
accessed 18.03.2019).

The mineralogy of this species shows two different layers. The outer layer is build up of calcite
fibres, while the inner layer consists of aragonitic nacre tablets, which are compiled in a brick-
and-mortar arrangement. In this type of nacre, the tablets are slightly thicker than in columnar

nacre, which can for example be found in Haliotis ovina (Casella et al. 2018a, Travis 1968).

The bulk of Mytilus edulis specimen was collected from the subtidal zone of the Menai Strait,
that separates the island Anglesey from mainland Wales, UK. The pieces of the different
alteration experiments were cut from the same portions of different, but very similarly sized
adult valves. One valve was utilized for one alteration experiment. The portion that was cut out
was always the same middle portion, where there was minimal curvature of the shell (in contrast
to the area at the umbo), and where not only one ultrastructure was present as it is the case in

the proximity of the commissure.

Figure 2.4: Overview of pristine Mytilus edulis (own material).
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2.1.1.5 Porites sp.
The genus Porites (Link 1807) (figure 2.5) emerged 55.8 Ma ago and is extant to this day. It is

the only coral that has been investigated in this work. The samples taken for the alteration series
and utilized as pristine comparison material are of unknown species. The fossil reference
material belongs to the species Porites pusilla. This fossil species lived from 23.03 to 13.65 Ma
ago. The genus Porites belongs to the family of the Poritidae, which comprises roughly 200
different species. Porites lives as a “stationary intermediate-level epifaunal photosymbiotic-
suspension feeder in solely marine environments, such as shallow subtidal reefs or buildups
(Lopez-Pérez 2005, Sepkoski 2002, recorded in the Paleobiology Database Fossilworks,
accessed 18.06.2020). For more information of the macro-scale growth pattern of this genus

and more see the publication of Richmond (1997).

Porites sp. is a scleractinian coral (stony coral), comprising solely aragonitic material in the
form of an acicular ultrastructure. On a microscopic scale one sees radially arranged bundles of
aragonite needles with scattered small and round cavities (centres of calcification) (Perrin and

Smith 2007).

The utilized Porites sp. material originated from one specimen, depicted below (figure 2.5).
This piece is a roughly 70 years old coral, collected at Moorea, which lies approximately 17

kilometres northwest of Tahiti in French Polynesia.

Figure 2.5: Overview of pristine Porites sp. (own material).
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2.1.1.6 Inorganic monocrystals
The pristine and altered specimens from the inorganic materials (figure 2.6) originated from

one respective aragonite and calcite monocrystal. The crystals had a size of 1 x 2 cm each and
were split up along the respective slip-plane for the various alteration experiments. The
materials originate from the collection of the museum Reich der Kristalle, which is situated in
the same building where this work was carried out, belonging to the Ludwig-Maximilians

University.

Figure 2.6: Overview of pristine samples of the inorganic comparison material. Left side shows aragonite monocrystal, right
side shows calcite monocrystal.

2.1.2 Fossil project
The specimens of the fossil project are all to be characterized as belonging to the phylum of

brachiopoda. All specimens were living exclusively in marine environments and had
exclusively calcitic shell material comprised of a primary, fibrous, and / or columnar layer. It
is also to note that all taxa of the fossil project are extinct. All materials examined in this project
were carefully selected from the palaeontological collection of the University of Milano with
the kind help of Prof. Dr. Lucia Angiolini. For an overview of the fossil material and the applied

methods see table 2.2 above).
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2.1.2.1 Afghanospirifer sp.
The genus Afghanospirifer (figure 2.7) of the family Spiriferidae was firstly characterized by

Plodowski in 1968. It emerged 318.1 Ma ago and became extinct 314.6 Ma ago. Afghanospirifer
lived as a “stationary epifaunal suspension feeder” (Sepkoski 2002, Williams et al. 2006,
recorded in the Paleobiology Database Fossilworks, accessed 29.06.2020).

The samples that were investigated for this work showed a thick columnar layer and a thinner
fibrous layer. The external characters were illustrated and described in great detail by Angioini
et al. (1999): The genus Afghanospirifer has a “biconvex shell with a subrectangular outline,
hinge with slightly less than maximum width, cardinal extremities rounded, anterior
commissure uniplicate. ventral valve with shallow ‘V’ shaped median sulcus, ventral interarea
triangular with vertical traces of denticulations, dorsal valve with low fastigium, ornamentation
of large bifurcating costae on entire valve surface, costae number about 13-14 each flank, sulcus
ornamented by one central rib and two lateral ones, dorsal fastigium ornamented by 3-4 ribs,
microornamentation of growth lamellae, when observable. dimensions width 34-47 length 23-

29”.

The locality of origin for these samples lies in the Twin Valleys Section (bed L35) at Karambar

Pass of the Karakoram Basin in northern Pakistan. These specimens are Bashkirian

(Carboniferous) of age.

Figure 2.7: Overview of fossil Afghanospirifer sp.. a) shows own material, b) shows graphic of a complete valve
from Angiolini et al. (1999).
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2.1.2.2 Alispirifer cf. middlemissi
The species Alispirifer cf. middlemissi belongs to the family of the Strophopleuridae (Sepkoski

2002, Williams et al. 2006, recorded in the Mineralienatlas, accessed 30.04.2020). It was firstly

characterized by Diener in 1915, but reattributed to the genus Alispirifer by Angiolini et al.
(1999). The genus Alispirifer lived in the timeframe of 345.3 to 306.95 Ma ago as a “stationary
epifaunal suspension feeder” in lagoonal and deep subtidal shelf regions (Sepkoski 2002,
Waterhouse 2004, Williams et al. 2006, recorded in the Paleobiology Database Fossilworks,
accessed 29.06.2020).

This species has a “biconvex shell with transverse outline” with the “maximum width at the
hinge”. The ventral valve has a ”’V’ shaped shallow sulcus ornamented by three ribs”. The
dorsal valve has a “low fastigium, rounded on top, widening anteriorly, bearing 2 finer ribs on
its flanks™. It has a “ornamentation of simple rounded costae, numbering at least 7 on each flank

and dense growth lamellae”. The microornamentation is “finely capillate” (Angiolini et al.
1999).

The bulk sample of this species came from two localities of the Karakoram Basin in northern
Pakistan. Locality one is the Lupsuk Formation at the Lashkargaz Gulley (bed L42 to 12;
locality at 4450 m above sea level). Locality two lies in the Twin Valleys Section of the

Karambar Pass (beds L.26 and L.30). These localities were dated Moscovian to Kasimovian

(Carboniferous).

Figure 2.7: Overview of fossil Alispirifer cf. middlemissi. a) shows own material, b) shows graphic from
Angiolini et al. (1999).
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2.1.2.3 Gigantoproductus sp.
The genus Gigantoproductus, firstly described by Sepkoski (2002), is part of the family

Monticuliferidae. Gigantoproductus lived from 339.4 to 318.1 Ma ago as a “stationary low-
level epifaunal suspension feeder” (Sepkoski 2002, recorded in the Paleobiology Database

Fossilworks, accessed 29.06.2020; recorded in the Mineralienatlas, accessed 01.05.2020).

As the taxonomic name strongly suggests, this species distinguishes itself by its unusually large
size. The preserved ultrastructural units found in the material of this work are the columnar

layer, which takes up a major part of the preserved shell thickness, and a thinner primary layer.

The locality of origin for the six specimen received for this work, is the Once-a-week quarry,
situated in the Pennine Basin, Peak District of Derbyshire, UK. It was picked from the Eyam

Limestone Formation which is aged Early Carboniferous.

Figure 2.9: Overview of fossil Gigantoproductus. a) shows left complete valve of Gigantoproductus elongatus
(not investigated, own material), b) shows cut sample of Gigantoproductus sp. that has been investigated in this
work.
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2.1.2.4 Gypospirifer sp.
The genus Gypospirifer belongs to the family of the Trigonotretidae and was firstly described

by Cooper and Grant in 1976. It lived from 314.6 to 254.0 Ma ago as a “stationary epifaunal
suspension feeder” in subtidal reefs, buildups or bioherms (Sepkoski 2002, Waterhouse 2004,
recorded in the Paleobiology Database Fossilworks, accessed 16.04.2020).

The specimen examined herein preserved only one ultrastructure, a columnar layer. For a very

detailed description of specimen from the same locality see page 18 of Angiolini et al. (1999).

The specimen was collected at the Twin Valleys Section of the Karambar Pass in the Karakoram

Basin in northern Pakistan, and is aged Bashkirian (Carboniferous).

Figure 2.10: Overview of fossil Gypospirifer sp.. a) shows own material, b) shows material from Angiolini et al.
(1999).
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2.1.2.5 Hunzina electa
Hunzina electa is a species that was firstly described by Angiolini in 1995. It belongs to the

family Spiriferellidae. The age range lies between 295.0 and 290.1 Ma ago. It lived as a
“stationary epifaunal suspension feeder” in the open shallow subtidal region (Angiolini 1995,

Waterhouse 2004, recorded in the Paleobiology Database Fossilworks, accessed 29.06.2020).

The specimen from this work show a thicker columnar layer and a thinner fibrous layer. In the
original description of the species Angiolini (1995) gives the characteristics as follows:
“biconvex shell, with elongate oval outline. cardinal extremities rounded, anterior commissure
uniplicate with high fold. ventral valve strongly convex with thickened shell in the posterior
region. umbo pointed. dorsal valve less convex with oval to sub-rounded outline. ornamentation
of ventral valve of 5-6 rounded costae on each flank, ornamentation of dorsal valve of costae

irregularly bifurcating, forming bundles of 3 costae each”.

The specimen used in this work comes from the same locality as the type specimen, which is
the Lashkargaz Formation of the Baroghil Pass, belonging to the Karakoram Basin in the
Karakoram range in northern Pakistan. The material is dated back to the Sakmarian (Early

Permian).

Figure 2.11: Overview of fossil Hunzina electa. a) shows bulk of own material, b) shows analyzed specimen V6a.

-27 -



2.1.2.6 Terebratula scillae
The species Terebratula scillae (Segeunza 1871) is ranked under the family of the

Terebratulidae (Gray 1840). The species was firstly introduced by Segeunza in 1871, but it was
newly classified as belonging to the genus Terebratula by E. Taddei Ruggiero and R. Taddei
in 2006. Although extinct, it lived not long ago from 1.806 to 0.781 Ma ago in basinal and
offshore terrain (Gaetani and Sacca 1985, recorded in the Paleobiology Database Fossilworks,

accessed 16.04.2020).

In this work’s specimen solely a fibrous ultrastructure with punctae could be found. In the
research of Dr. Gaia Crippa (University of Milano) a primary layer was found additionally to

the fibrous ultrastructure.

The material was collected from the Castell'Arquato Formation close to the Stirone River, lying
in the Castell'Arquato Basin in the Paleo-Adriatic region in northern Italy. The designated age
is the Early Pleistocene (Quaternary).

Figure 2.12: Overview of fossil Terebratula scillae. a) shows own material, b) shows a graphic from Ruggiero and
Annunziata (2002) (the arrows are irrelevant for this work).
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2.1.2.7 Tetractinella trigonella
This species, Tetractinella trigonella, firstly introduced by Schlotheim (1820), belongs to the

family Diplospirellidae. The species lived from 242.0 to 235.0 Ma ago. They lived as
“stationary low-level epifaunal suspension feeder” in reefs of the shallow subtidal terrain
(Bittner 1890, Iordan 1993, Mantovani 2002, Palfy 2003, Torti and Angiolini 1997, recorded
in the Paleobiology Database Fossilworks, accessed 29.06.2020).

Angiolini (1993) could not observe a primary layer, but found a thin secondary layer consisting
of “orthodoxly stacked fibres, subparallel to the surface of the valve, which show [a] flattened
keel and saddle shape in transverse section”. Likewise, in the material of this work only a

fibrous ultrastructure was found. For a very detailed description see Mantovani (2002).

The stratum the material originates from is the Calcare di Angolo Formation. It was collected
at Valle dell’Acqua Fredda, in the Lombardian Basin, located in Lombardy, Southern Alps,
northern Italy. The samples are dated back to the Anisian stage (Middle Triassic).

rrrrrrrrr

Figure 2.13: Overview of fossil Tetractinella trigonella. a) shows own material, b) shows graphic from Mantovani
(2002).
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2.1.2.8 Trigonotreta larghii
The species Trigonotreta larghii (Angiolini et al. 2005) belongs to the family Trigonotretidae.

The animals of this genus lived as “stationary epifaunal suspension feeder” in shallow subtidal
reefs, buildups, or bioherms. The age range for this species was 298.9 to 295.0 Ma ago
(Angiolini et al. 2005, recorded in the Paleobiology Database Fossilworks, accessed

25.06.2020).

Old materials of this species were initially assigned to the species Trigonotreta stokesii (Koenig
1825) by Angiolini, but have been reassigned by Angiolini when analysing an additional bulk
sample. Trigonotreta larghii has a biconvex shell with a “semicircular to subpentagonal
outline” and an uniplicate commissure (Angiolini et al. 2005). For a detailed description and
the reassignment see Angiolini et al. (2005). The material for this work showed three

ultrastructures: a primary, a fibrous, and a columnar layer.

The samples were collected from the Gircha Formation at the Chapursan Valley of the
Karakoram Basin in northern Pakistan. The age of these specimen was dated to the Late

Asselian to Early Sakmarian (Early Permian).

Figure 2.14: Overview of fossil Trigonotreta larghii. a) shows own material, b) shows graphic from Angiolini et
al. (2005).
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2.1.2.9 Trigonotreta lyonsensis
The species Trigonotreta lyonsensis, firstly described by Archbold and Thomas (1986), belongs

to the extinct family of the Trigonotretidae. Trigonotreta larghii lived in shallow subtidal reefs,
buildups, or bioherms as a “stationary epifaunal suspension feeder”. It lived from 295.0 Ma
until 290.1 Ma ago (Angiolini et al. 2005, Archbold and Thomas 1986, recorded in the
Paleobiology Database Fossilworks, accessed 25.06.2020).

Angiolini et al. (2005) give an extremely detailed description of the species. The distinctive
features are a “transverse trigonal outline [...], high and sharp dorsal fastigium, distinctive
fascicles of relatively coarse ribs and a thick shell substance”. The only ultrastructural units

found in the material of this work was a fibrous layer.

The two localities of origin for the specimen received for this research are the Gircha Formation
in the Chapursan Valley and the same formation in the Karambar Pass, both lying in the

Karakoram Basin in northern Pakistan. The age of the samples is Late Asselian to Early

Sakmarian (Early Permian).

Figure 2.15: Overview of fossil Trigonotreta lyonsensis. a) shows own material, b) shows graphic from Angiolini
et al. (2005).
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2.2 Methods

2.2.1 Alteration experiments
When new specimens were obtained they were photo-documented and assigned an individual

sample number and sample box. The first step, before starting the alteration experiments or the
preparation, was to work out which spot and perspective would be best to investigate to acquire
the information sought-for. For each individual experiment, three different pieces were cut out
of each specimen with a circular saw: one for the electron microscope (including SEM, EBSD,
and EDS), one for AFM, and one for XRD investigation. New photos were taken of the cut-up

pieces before further preparation and alteration.

Two different alteration fluids were employed for this study. One was a burial fluid with the
chemical composition 100 mM NaCl + 10 mM MgCly-6H>O. The burial fluid came from a
batch made on the 27" of May 2016 and was already used by Laura Casella for her own
alteration experiments in the course of her doctoral research (Casella 2018). The second
alteration fluid in use was a marine fluid, coming from the GEOMAR Helmbholtz Centre for
Ocean Research in Kiel, Germany. There the fluid was used in a water tank for the breeding of
brachiopods. The base fluid was distilled water to which the advised amount of PRO-REEF sea
salt by Tropic Marine was admixed. An extensive chemical analysis of the sea salt can be found
in the publication “elemental composition of commercial seasalts” by Atkinson and Bingman

(1996).

The day before the start of each alteration experiment the oven was preheated. On the starting
day the temperature was monitored and adjusted if necessary. When the desired temperature of

175 °C was reached and stable, the material was set up for alteration:

All three pieces cut from one specimen were put into a teflon crucible with the internal
dimensions of 3.8 cm in height and 2.4 cm in diameter. 10 ml of alteration fluid was filled into
the crucible with an Eppendorf pipette, taking care that the sample pieces didn’t overlap so that
all would have the same and maximal fluid exposure. The thread coupling of the metal
autoclave was greased with LIQUI MOLY copper paste for connections placed under high
thermal loads. The filled crucible was carefully put into the autoclave, which then was sealed
and put into the preheated oven. The time was noted in the laboratory journal to determine the
time of the end of alteration. When the intended duration of the alteration ended, the autoclaves
were taken out of the oven to cool down in a fume cupboard for one to two hours, before being
disassembled. The samples were taken out of the crucible with tweezers and set to dry in their

individual sample boxes in the fume cupboard.
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2.2.2 Preparation
For all five analytical methods there were only two different main preparation methods

necessary. One is for the X-ray diffraction measurements (XRD) and one is for investigations
in the electron microscope (for SEM, EBSD, and EDS) as well as the atomic force microscope

(AFM).

For XRD the samples were crushed and ground into finest powder in three differently sized
agate mortars, before being filled into the sample holders aided by a small spatula. If enough
material was available, a sample holder with a round depression was used, that was filled with
the material and pressed down with a glass plate to obtain a smooth surface. If only few material
was available, a sample holder with a rectangular quartz slap, ensuring a zero background, was
utilized by mixing the powder with ethanol and dripping the mixture onto the quartz slap,

resulting in a gapless covering and a smooth surface.

For AFM, EBSD, EDS, and SEM analyses the samples had to fit into a small round mould (2.7
cm diameter) to be filled up with resin. The surface of the sample to be investigated was fixed
onto the bottom lid of the mould with a double-sided tape, and the sides of the mould were
covered with laboratory-grade vaseline for easy removal after the hardening of the epoxy
mixture. After assembling the mould, the samples were covered with a mixture of one fluid
ounce of EpoFix resin and 4 ml EpoFix hardener (both from Struers). Air bubbles were taken
out in a desiccator, where afterwards the product was left to cure for 24 hours. After this time
the embedded specimens were taken out and washed clean in a set cleaning regimen, that was
applied after each small step of the preparation described in the next paragraphs: First, they
were rinsed off with tap water to remove coarse dirt, then spritzed with diluted dish soap to
reduce the surface tension and loosen smaller dirt particles, then again with tap water to rinse
off these dirt particles. This was followed up by a thorough rinse with ultrapure water of type 1
(mQ water) to avoid chemical reactions on the samples” surface, until lastly the samples were

blown dry with a common hair dryer.

After the process of embedding, the MetaServ 250 grinder-polisher by BUEHLER equipped
with SiC abrasive paper (CarbiMet, BUEHLER) with grit size P320, was utilized to grind off
the uneven surface, the double-sided tape, and all sharp edges. This step only facilitated the
following steps, which represent the preparation of the actual sample: The sample surface was
carefully ground with P600 and P1200 abrasive paper, twice for each grit size respectively

rotated 90 degrees in between. Between each change of direction or abrasive paper the sample
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was treated with the cleaning regimen described in the last paragraph and was being surveyed

under a light microscope to identify and erase possible errors.

The epoxy block with the specimen was sawn and ground down on the back side, opposite to
the sample surface, to achieve a thickness of under 3 mm to fit the specifications of the electron
microscope (Hitachi SU5000). Next, the sample was hand polished (with the same machine as
used for grinding) with MetaDi Supreme polycrystalline diamond suspension (3 pm, undyed,
BUEHLER) on a VerduTex polishing cloth (BUEHLER) for five to over thirty minutes,
dependent on the surface quality. With adhesive resin the samples were glued onto a metal
weight (by melting of the resin through contact with the hot metal weight heated to 150 °C on
a heating plate) and put into a vibratory polisher (VibroMet 2, BUEHLER) with MasterPrep
polishing suspension (0.05 um, BUEHLER) on the MicroFloc polishing cloth (BUEHLER) for
three hours in a circular motion and set at !/3 speed. After this last polishing step, the metal
weights could often be separated from the sample disc by simply snapping it off or being
slightly heated with the hair drier. If not, the metal weights with the sample attached to it were
put onto the heating plate at 150 °C until the adhesive resin became fluid enough to slide the
sample off. The set cleaning regimen was again applied very thoroughly to assuredly remove
the very small particles of the polishing suspension. Then the adhesive resin remaining on the
backside of the sample was cleaned off with acetone and the sample was put through the

cleaning regimen once again.

For EBSD, SEM, or EDS investigations epoxy surrounding the sample was minimized by being
ground down with the P320 abrasive paper to enable the perfect placement on the stub for an
optimal measurement. The cleaning regimen was applied one last time. The finished specimens
were mounted on small stubs with conductive silver paste, which was also spread over the
bordering resin around the sample and onto a small portion of the sample to ensure good
conductivity under beam exposure. After drying, the samples were covered with a 4 to 6 nm
thick carbon coating and hereafter ready for SEM, EBSD, and EDS investigations. If the coating
was not thick enough to stabilize the sample in the electron microscope for the requisite time

of the measurement, it was coated again up to a maximum of three times in total.

For AFM analysis the embedded samples were also ground down, polished and reduced to a 3
mm thick disc like described earlier, but not reduced on the sides to enable easier handling of
the sample. After the vibratory polisher they were etched by flushing the surface with laboratory
grade ethanol for five seconds. Lastly the sample was put into a glass vessel, covered with
purified water, put into an ultrasonic bath for ten minutes, and hereafter blown dry.
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2.2.3 XRD analysis
X-ray powder diffraction (XRPD) was the chosen method for phase differentiation between

aragonite and calcite. Models describing the observed X-ray diffractograms can be refined to
optimize the identification of the composition. There are different types of this method. For
these studies the Bragg-Brentano focussing method was used in the diffractometer system XRD

3003 TT by GE Inspection Technologies.

A preliminary analysis of the measured data was done with the program Match! in order to get
a first idea. To attain the results presented in this work, Rietveld refinement was applied using
the program FullProf Suite and the structural model by Jarosch and Heger (1986) for aragonite
(no. 32100) and by Markgraf and Reeder (1985) for calcite (no. 40114), both were found in the
ICSD (Inorganic Crystal Structure Database by the science information centre Karlsruhe). It is
to note that in the process of Rietveld refinement with this program the scaling factors are
calculated separately for each phase and rounded to two decimal places. This leads to volume
percentage values that do not automatically add up to 100 vol %. Furthermore, the estimated
standard deviation is calculated separately for each phase. This way, if the calculated volume
percentage of one phase is zero or close to zero, the standard deviation is so low that it is

rounded to 0.00 vol % by the program, which can not represent the true value.

2.2.4 AFM analysis

The atomic force microscope used was the NanoWizard II by JPK. Raw data measurements of

lateral deflection, vertical deflection and height were performed with the JPK SPM Desktop
software. A tip cantilever with a round base (in contrast to a square base) was used in contact
mode in a dry setting. Because of the difference in material the settings were always adjusted
to get high quality data. From the raw data, pictorial representations (maps) were produced with

the programs JPK Data Processing and JPK Gwyddion.

2.2.5 SEM, EBSD, and EDS analyses
SEM, EBSD, and EDS measurements were all done with a Hitachi SU5000, equipped with the

Oxford Instrument AZtecHKL software.

Scanning electron microscopy (SEM) is the method to produce high resolution images from a
focused electron beam. For this imaging process the electron beam was set to 20 kV.

-35-



Electron backscatter diffraction (EBSD) maps are pictorial representations of measured data
sets and are comprised of many point measurements arranged in a grid pattern. Each measured
point gives a multitude of information. In this work mainly information on mineralogy and
crystallographic orientation were collected. The measured information was used to compile
orientation maps, phase maps, band contrast maps, misorientation profiles, pole figures
showing the orientation distribution of a mineral phase, the MUD value, and grain statistics. In
the figures within this work, EBSD orientation maps are colour coded as inverse pole figures
(IPF) after the x-, y-, or z-axis of the displayed map. The colour legends are given in figure
4.1.2. For all EBSD maps the applied IPF axis is mentioned in the respective figure caption.
EBSD measurements were performed with a beam intensity of 20 kV, at an angle of 70 ° and
varying step sizes, which were determined by the necessary size and quality of the measured

map.

Energy dispersive x-ray spectroscopy (EDS or EDX) can be measured during an EBSD
measurement or done separately. It gives chemical information on the concentration and
dispersion of the elements that were selected. The data can be depicted in a spectrum, or, as

EBSD, in a map.

3 Geology and stratigraphy

The fossil brachiopod samples originate from four different geological basins. These basins

were chosen for the reason that they exhibit different types and varying levels of diagenetic
overprint, and also because they were very well investigated in this detail by various scientists.
Herein, the four different basins are ranged by the thermal gradients (diagenetic temperatures)

they underwent, which range from below 50 °C to up to 350 °C.

The numerical specifications on the respective diagenetic temperature frames originate from a
discussion of several qualified scientists involved in this project — Prof. Dr. Lucia Angiolini,
Prof. Dr. Wolfgang Schmahl, Dr. Erika Griesshaber, and me, Viola Mages — and is based on

various geological proxies from each basin.

3.1 Castell’Arquato Basin

Samples from this basin were collected from the Castell’Arquato Formation within the

eponymous geological basin. The locality lies at the Stirone river in the paleo-Adriatic region

in northern Italy (figure 3.1).
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Immature organic matter of mostly marine origin with additionally organic material from land
plants, as well as unpublished data from Prof. Lucia Angiolini and Prof. Maurizio Gaetani
(University of Milano) investigating physical and geochemical proxies, indicate that the

succession is near pristine and should not have undergone temperatures exceeding 50 °C.

The Castell’ Arquato Formation is a very fossiliferous marine succession, Gelasian to Calabrian
(2.58 — 0.774 Ma, Early Pleistocene) in age. This succession crops out repeatedly along the
Arda and Stirone rivers. It is comprised of sandstones, siltstones, and mudstones, which were
deposited in a tectonically active area within the Paleo-Adriatic Sea during periods of progress

of fan deltas (Crippa et al. 2016, Ghielmi et al. 2010, Ghielmi et al. 2013, Monegatti et al. 2001).
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Figure 3.1: Graphic of the locality of the Castell’ Arquato Basin from Crippa et al. (2016) (slightly modified).
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3.2 Pennine Basin
The material from the Pennine Basin originates from the Eyam Limestone Formation at Once-

a-week quarry. This quarry is situated between the villages of Sheldon and Monyash in Peak
District National Park, Derbyshire, central northern England (figure 3.2).

Based on extensive studies (e.g. Breislin 2018, Ewbank et al. 1995, Hollis and Walkden 1996,
Hollis 1998, Hollis and Walkden 2002) and thermal modelling for a shale gas project of the

British Geological Survey (Andrews 2013), the thermal heat flow has been determined to lie
between 100 and 120 °C.

The Eyam Limestone Formation is Mississippian (Early Carboniferous) of age and highly
fossiliferous. This formation represents the youngest of four shallow water sequences at the
Derbyshire High ramp carbonate succession; the oldest being the Woo Dale Limestone, being
followed by the Bee Low Limestone, the Monsal Dale Limestone, and finally the Eyam
Limestone Formation. It constitutes a mud mound facies, comprising light grey limestone with
a high amount of brachiopods, corals, echinoderms, and molluscs. The brachiopod genus
Gigantoproductus, which solely represents this work’s material that was collected at this
location, is a very common and, through its size, a very distinctive fossil at the Once-a-week
quarry, but also at other natural outcrops, and active as well as disused quarries around the area
of Ible, Matlock, and Monyash (Aitkenhead and Chrisholm 1982, Aitkenhead et al. 1985,
Angiolini et al. 2011, Gutteridge 1983, Gutteridge 1987, Gutteridge 1991, Gutteridge 1995,
Gutteridge 2003, Nolan et al. 2017).
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Figure 3.2: Graphic of the locality of the Pennine Basin from Nolan et al. (2017) (slightly modified).
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3.3 Lombardian Basin
The Lombardian Basin lies in the Southern Alps and Austroalpine Nappe in northern Italy. The

samples were collected from the Calcare di Angolo Formation in Valle dell’Acquafredda,

Lombardy, northern Italy (figure 3.3).

The thermal heat flow of the Lombardian Basin ranges from 150 to 200 °C, based on vitrinite
reflectance, CAI (colour alteration index) of conodonts and illite crystallinity data (Gaetani et

al. 1992).

The stratum where the samples were collected from dates back to the Anisian stage, Middle
Triassic. This calcareous layer presents a highly fossiliferous content of ammonioids, bivalves,

brachiopods, corals, echinoderms, foraminifera, and gastropods (Gaetani et al. 2010).
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Figure 3.3: Graphic of the locality of the Lombardian Basin from Gaetani et al. (1992).

-41 -



3.4 Karakoram Basin
The Karakoram Basin lies in the very north-east of Pakistan (figure 3.4). It is by far the most

investigated locality of all four, but it is also by far the most complex locality as well. The
samples collected from this area come from five different localities and different tectonic units

which underwent different amounts of strain.

The heat flow of this large basin represents the highest temperatures of all basins studied herein
and lies between 300 and 350 °C, based on the deformational history, mineral parageneses
(sericite, quartz recrystallization), slaty cleavage, CAI of conodonts (4 dark grey) and organic
maturity through vitrinite (Fossen 2010, Gaetani et al. 1995, Gaetani 1997, Gaetani et al. 2013,
Searle and Tirrul 1991, Zanchi and Gaetani 2011).

The history of origin of the Karakoram Terrane ranges from the Ordovician to Cretaceous stage,
recording a continental block of Gondwanan affinity, which, in the course of the rifting and
opening of the Neo-Tethys during the Carboniferous to mid-Permian, drifted away from
Gondwana during the Late Permian and Triassic and collided with Eurasia in the Early Jurassic
(Angiolini et al. 2013, Gaetani 1997, Zanchi and Gaetani 2011). The samples collected from
the Karakoram are aged Carboniferous to Early Permian. They originate from an abundantly
fossiliferous marine succession with brachiopods, corals, echinoderms, foraminifera, and
molluscs (see Angiolini 1995, Angiolini 1996, Angiolini 2001, Gaetani et al. 1995, Gaetani
1997).

3.4.1 Baroghil Pass, Lashkargaz Fm.
Locality one (bed CK172) lies in the Baroghil Pass and the Upper Yarkhun Valley. The samples

were collected from the Lashkargaz Formation and are Sakmarian (Early Permian) of age. The

lithology of this bed is marlstones.

3.4.2 Chapursan Valley, Gircha Fm.
Locality two (bed KK26) is located in the Chapursan Valley within the Upper Hunza Valley.

The stratum of origin is the Gircha Formation, which is Late Asselian to Early Sakmarian (Early
Permian) of age. The samples from this locality belong to the species Trigonotreta larghii, and
this locality is also the type locality of this species (Angiolini et al. 2005). The lithology of this

bed is fine-grained sandstones (arkoses).
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3.4.3 Karambar Pass, Gircha Fm.

Locality three is situated in the Karambar Pass, Ribat Section. Samples were collected from the

Gircha Formation (beds CK1121 and CK1122). The age is dated to be Late Asselian to Early

Sakmarian (early Permian) (Angiolini et al. 2005). This locality’s lithology is calcareous

siltstones.

3.4.4 Karambar Pass, Lupsuk Fm.
Locality four (beds L35 and L46) lies in the Twin Valleys Section of the Karambar Pass. The

material comes from the Lupsuk Formation, with the age of Serpukhovian to the latest

Carboniferous stages. The present lithology is black marly limestones (Angiolini et al. 1999).

3.4.5 Lashkargaz Gulley, Lupsuk Fm.
Locality five (bed L42) lies in the Lashkargaz Gulley. The stratum of origin is the Lupsuk

Formation that has been assigned to the Moscovian to Kasimovian stages (Late Carboniferous).

This locality's lithology is characterized by marly limestones.
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Figure 3.4: Graphic of the locality of the Karakoram Basin from Angiolini et al. (2005).
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4 Results

4.1 Alteration series project

4.1.1 Arctica islandica
XRD: The pristine material contains about 98 vol % aragonite, which remains equivalent up to

7 days of alteration. Thereafter the aragonite content declines steadily: after 14 days of
alteration an aragonite content of 89 vol %, and after 28 days 68 vol % aragonite was measured.

Thereof it can be concluded that calcite formation occurs after 14 days of alteration.

Table 4.1: Aragonite and calcite content values for the bivalve Arctica islandica in vol %, as determined by X-ray
diffraction and subsequent Rietveld refinement.

Arctica islandica | aragonite [vol %] | calcite [vol %]
pristine 98.40 £ 2.62 1.60+1.43
4 days 98.52 + 0.94 1.48 +0.13
7 days 98.43 +0.98 1.57+£0.01
14 days 89.44 £ 0.94 10.56 £+ 0.28
28 days 68.34 + 0.27 31.66+0.42

AFM and SEM: The 4 days long alteration already shows signs of overprint: After the loss of
the high organic content, bands of enhanced porosity as well as some fissures run along the
growth lines and sub-parallel to the shell's surface (figure 4.1.1.a). After 14 days SEM images
show more but finer fissures (now positioned in various directions) (figure 4.1.1.b), and very
dense regions of secondary calcite that are located mainly in the middle of the shell (figure
4.1.1.c). However, the pre-existing aragonitic phase is still present. AFM results also show these
areas of respectively primary and recrystallized nanostructural characteristics: the ultrastructure
characteristic for this species, and the compact angular nanostructure of inorganically grown
calcite (figure 4.1.1.d). After 28 days of alteration AFM measurements show a marked increase
in grain size. SEM images of 28 days altered material show thin bands of high porosity along
the growth lines and mostly open fissures (figure 4.1.1.e and f). The fossil material is very
compact, but presents a heightened porosity along the regions of former growth lines on the

outer edge.

EBSD: After 4 days of alteration no conclusive impact on the microstructure could be observed;

no signs of merging were found. The pristine microstructural characteristics are not disturbed.
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Such as in the SEM images, the accompanying EBSD measurements show the formation of
cracks and cavities (secondary porosity) through the decomposition of organic matter, while
the overall porosity is not high. Only very few and small secondary calcite grains are present
after the 4 days of alteration. After 14 days, however, a large share of the primary microstructure
is replaced by secondary calcite. This newly formed material has a very high co-orientation
(high MUD value) and possesses tattered outlines. Especially along fissures, where the
percolation of fluid was aided through the plenty of voids, the pristine material became
recrystallized, being substituted by a wide band of secondary calcite with one solid orientation
(figure 4.1.1.g). The fossil material, however, shows no calcitization (defined in chapter 5.1.3)
at all, as well as no fissures. The primary mineral units seem to still be present and the growth
lines are still recognizable. The crystal orientations of the aragonitic mineral units are
accumulated in multiple preferred orientations, but present a relatively wide distribution. The

MUD value for an area of about 310 x 220 um is 86.
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Figure 4.1.1: Microscopic analyses of Arctica islandica: a) SEM image of enhanced porosity and fissuring after 4
d of alteration, b) SEM image of fissures after 14 d of alteration, ¢) SEM image of the formation of secondary
calcite in the middle of the shell after 14 d of alteration, d) AFM map of secondary calcite grains formed after 14
d of alteration, e and f) SEM images of thin bands of high porosity along growth lines after 28 d of alteration, g)
EBSD phase map of high-crystalline calcite forming along a fracture after 14 d of alteration.
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4.1.2 Mytilus edulis

XRD: The pristine shell has an aragonite content of 46 vol % and a calcite content of about 54

vol %. After only 4 days of alteration the aragonite content is already reduced to 32 vol %. After
7 days there is an only slight decrease in the aragonite content by about 1 vol %, while between
7 and 14 days a drastic drop down to 18 vol % aragonite occurred. The material, which was
altered for 28 days, breaks away from this trend of decrease, having an aragonite content of

about 70 vol %, which strongly points to an error.

As it was shown above, the aragonite content steadily decreases with ongoing alteration time.
However, a defective result occurred in the longest alteration duration, which is 28 days,
presenting significantly more aragonite content than even the pristine shell. The reason for this
error might be the strong deviation in the thickness of the nacreous layer or simply an error in

the implementation of the experiment.

Table 4.2: Aragonite and calcite content values for the bivalve Mytilus edulis in vol %, as determined by X-ray
diffraction and subsequent Rietveld refinement.

f\g;z;;s aragonite [vol %] | calcite [vol %]
pristine 4574 £ 1.22 54.26 £ 1.17
4 days 32.49+1.19 67.51+£0.76
7 days 31.04+1.25 68.96 + 1.67
14 days 17.95+0.45 82.05+0.88
28 days 69.60 + 0.87 30.40+0.48

AFM and SEM: After 4 days of alteration, due to the organic content having disintegrated, there
is relatively strong breakage sub-parallel to the shell’s surface (figure 4.1.2.a). Especially at the
previously organic-rich interface, where the nacreous and fibrous layers connected, a gaping
crack regularly occurs, so that these two microstructures became separated in every altered
sample (figure 4.1.2.b). At the outer rims of the shell, where the material was directly subjected
to the fluid, a definite increase in porosity can be detected. SEM images show only very slight
merging of the fibres after 4 days. AFM measurements might indicate some beginning
amalgamation through the adaptation of the orientations of neighbouring fibres (figure 4.1.2.c).
Amalgamation is more obvious in the nacreous ultrastructure. A major part of the nacre tablets

merged on the short end, forming long strands (figure 4.1.2.d). After 7 days of alteration also
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the fibrous layer shows definite signs of alteration: the fibres lost the typical mushroom-shape
and became more irregular and rounded through the process of amalgamation (figure 4.1.2.¢).
Also, fractures can be seen more frequently throughout the fibrous layer. Within the nacre signs
of amalgamation became enhanced, but merging still takes place mainly at the short edges while
merging along the long sides is sparse. Within both ultrastructural units there are areas with
high porosity and areas with high density, tracing back to the growth pattern of the shell. After
14 days the fibrous ultrastructure is still easily identifiable, but it shows increased merging of
fibres into larger clusters (figure 4.1.2.1). Likewise, in the nacreous layer the nacre tablets are
still discernible but merging increased. With 28 days of alteration the fractures became even
more frequent, especially the smaller-scale fissures (figure 4.1.2.g). Although the corruption of
both structural units progressed further, even now single nacre tablets and single fibres can be

1dentified.

EBSD: In contrast to what can be seen in the SEM images, where the nacre tablets seem to
merge at the short edge forming long strands, the EBSD measurements of 4 days altered Mytilus
edulis show that the nacre tablets adopt one common orientation with the mineral unit at the
long edge (figure 4.1.2.h). 4 days altered fibres also show first signs of amalgamation (figure
4.1.2.1). No secondary calcite formation can be seen after 4 days of alteration. After 7 days the
size of the merged fibre compounds significantly increased and, as witnessed in the SEM
images and AFM measurements, the outlines of the single fibres lose their typical mushroom-
shape and become more rounded (figure 4.1.2.j). Also within the nacreous layer the merging
intensifies and the amalgamated units grow in size (figure 4.1.2.k). After 14 and 28 days of
alteration the same trends continue: larger growing conglomerates of merged mineral units
(more strongly so in the fibrous layer) and continued blurring of the pristine shape of the mineral

units, while no calcite formation appears (figure 4.1.2.1).

-49-






=10 pm; Mapa; Step=0, 1 pm; Gridd 16x269

001

aragonite

calcite

100 210

Figure 4.1.2: Microscopic analyses of Mytilus edulis: a) SEM image of breakage subparallel to the shell’s surface
after 4 d of alteration, b) SEM image of frequent separation line along the interface of the two ultrastructural units
after 4 d of alteration, c) AFM map of a beginning amalgamation within the fibrous layer after 4 d of alteration, d)
SEM image of the amalgamation of the nacre tablets into long strands after 4 d of alteration, ¢) AFM map of two
merging fibres after 7 d of alteration, f) SEM image of advanced amalgamation within the fibrous layer through
the formation of larger clusters after 14 d of alteration, g) SEM image of the formation of frequent fissures after
28 d of alteration, h) EBSD orientation map (IPF colour code x-axis) of beginning amalgamation within the
nacreous ultrastructure after 4 d of alteration, i) EBSD orientation map (IPF colour code z-axis) of beginning
amalgamation within the fibrous layer after 4 d of alteration, j) EBSD orientation map (IPF colour code z-axis) of
significant increase of amalgamation within the fibrous layer and loss of the typical mushroom-shape of the fibres
after 7 d of alteration, k) EBSD orientation map (IPF colour code x-axis) of increase of amalgamation within the
nacreous layer through the formation of larger cluster of merged mineral units after 7 d of alteration, 1) EBSD
orientation map (IPF colour code y-axis) of intensification of amalgamation after 14 d of alteration, m) inverse
pole figure (IPF) legend for aragonitic material in EBSD orientation maps of this work, to which axis of the map
the IPF legend is referring is stated in the figure description of the respective EBSD orientation map, n) inverse
pole figure (IPF) legend for calcitic material in EBSD orientation maps of this work, to which axis of the map the
IPF legend is referring is stated in the figure description of the respective EBSD orientation map.

-51-



4.1.3 Porites sp.
XRD: In the aragonitic material of the coral sample the alteration experiments had an extremely

low impact. In the course of 28 days of hydrothermal alteration the calcite content varied by
less than 1 vol %. The aragonite volume percentage still lies at over 98 for the 28 days alteration.
However, in the fossil, which is the species Porites pusilla, no aragonite was found and the

complete material became calciticized.

Table 4.3: Aragonite and calcite content values for the stony coral Porifes sp. in vol %, as determined by X-ray
diffraction and subsequent Rietveld refinement.

Porites sp. aragonite [vol %] | calcite [vol %]
4 days 99.29 £ 0.90 0.71+£0.09
7 days 99.23 +0.98 0.77 £0.10
14 days 99.37 +1.22 0.63+0.10
28 days 98.62 +1.28 1.38+0.17
(P O”tfissz‘l”s’”a) 0.00 + 0.00%! | 100.00 + 0.78

AFM and SEM: SEM images show that the ultrastructure of this specimen, although seemingly
highly porous, is very resistive to dissolution and recrystallization. After 4 days until up to 14
days of alteration there is no visible disturbance of the ultrastructure (figure 4.1.3.a to c), but
some slight dissolution on the surface areas as well as in well distributed spots within the
material can be found (figure 4.1.3.d and e). With ongoing time some accumulation areas with
a more pronounced dissolution developed (figure 4.1.3.f and g). The 28 days altered sample
presented frequent secondary calcite grains in the dissolved spots within the material and also

along fine fissures (figure 4.1.3.h and 1).

EBSD: After 4 days the outline of the single aragonite needles is slightly tattered and disturbed,
but the general microstructure of the primary aragonitic needles is still obvious (figure 4.1.3j).
No calcite formation can be found after 4 days of alteration. There is slight merging of
neighbouring needles of the same cluster and of similar orientation. After 14 days not much
change can be seen compared to 4 days of alteration, merely the merging of the neighbouring
needles has slightly progressed. The outlines of the needles are not tattered any more but
became more rounded (figure 4.1.3.k). No calcite formation was found after 14 days of
alteration. After 28 days the merged needle bundles became more assimilated in orientation.
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The needle clusters, however, are still very differently oriented relative to each other. The fossil
material of Porites pusilla shows a very different ultrastructure and mineralogy. It is completely
recrystallized with randomly oriented roundish secondary calcite grains. No needles or bundles
are visible, and no aragonite is left. However, the primary ultrastructure is preserved in that
way, that the structures of primary aragonite needle clusters is now substituted by small grained
secondary calcite, while the pre-existing cavity space has been filled by much larger grained

secondary calcite or was left void (figure 4.1.3.1).
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Figure 4.1.3: Microscopic analyses of Porites sp.: a+b) AFM maps of the low impact on the ultrastructure after 14
d of alteration, ¢) SEM image of the low impact on the ultrastructure after 4 d of alteration, d) SEM image of
beginning dissolution on the outer edges as well as in cavities within the material after 4 d of alteration, ¢) SEM
image of continued dissolution after 7 d of alteration, f+g) SEM images of intensification of the dissolution in
certain areas after 14 d of alteration, h+i) SEM images of beginning formation of secondary calcite in areas of
dissolution and fissures after 28 d of alteration, j) EBSD orientation map (IPF colour code y-axis) of only slight
distortion of the primary ultrastructure after 4 d of alteration, k) EBSD orientation map (IPF colour code y-axis)
of an only slightly increased impact after 14 d of alteration, 1) EBSD orientation map (IPF colour code z-axis) of
the fossil sample of Porites pusilla shows completely calciticized material with complete loss of the primary
ultrastructure.
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4.1.4 Haliotis ovina
XRD: There is a steady increase of calcite within the first 7 days of alteration. However, the

calcite content increases by only about 6 vol % within this time frame, while the aragonite
content decreases from about 96 vol % in pristine state to just over 90 vol % in the 7 days
alteration. From 7 to 14 days of alteration the calcite content rises dramatically by 70 vol % to
a total of over 80 vol %. In the 28 days alteration the aragonite content is again
inconsequentially high (like in some other 28 days alterations of the other species), with about
97 vol %. The fossil material, from the sister taxon Haliotis tuberculata, contains about 80 vol

% aragonite and 20 vol % calcite.

The incoherent result of the 28 days alteration, as equally found in the sample of Mytilus edulis,
which was altered simultaneously, could be reasoned with the same cause. This reason could
be the likely case that in the implementation of the alteration with the duration of 28 days, some
error occurred and the affected samples became falsified. Another possibility would be that the
alteration samples were cut out from different positions of the same shell, not from the same
section of equivalent shells (like in Aequipecten opercularis and Mytilus edulis). This way a
natural fluctuation in the structure and mineralogy in different sections of the shell could lead

to a deviation in mineral composition.

Table 4.4: Aragonite and calcite content values for the marine gastropod Haliotis ovina in vol %, as determined
by X-ray diffraction and subsequent Rietveld refinement.

Haliotis ovina aragonite [vol %] | calcite [vol %]
pristine 95.77 + 2.28 4.23+0.54
4 days 92.21+1.07 7.79+0.30
7 days 90.19+1.24 9.81+0.72
14 days 19.18 + 0.66 80.82 +1.15
28 days 96.89 +1.39 3.11+0.41
(Haliotis tuberculata) fossil 79.99 £ 0.54 20.01 £ 0.69
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AFM and SEM: The 4 days altered sample already shows strong alteration characteristics.
There are quite large areas of dissolution and a secondary calcite phase within the prismatic
layer (figure 4.1.4.a and b). The nacre tablets merged into columns (along the long edge), but
are much more resistive towards recrystallization, for at this point no secondary phase is present
(figure 4.1.4.c). After 7 days of alteration there is still no calcite formation within the nacreous
layer. The SEM images as well as the AFM measurements of this specimen nicely show that
the recrystallization process starts at the originally organic-rich interface between the two
ultrastructural units and proceeds into the prismatic layer (figure 4.1.4.d to ). However, through
the growth of the secondary calcite grains at the interface, they push into the nacreous layer
leading to strong deformation and amplified amalgamation in these areas (figure 4.1.4.g). After
14 days the calcitization advanced into the nacreous layer (figure 4.1.4.h). In conformity with
the XRD measurements, the SEM images of the 28 days alterations show very few calcitization;
only few individual calcite grains were found. The porosity is high, especially within the
nacreous layer, but also in some areas within the prismatic layer (figure 4.1.4.1). The outer edge

of the prismatic layer (outside of the shell) shows signs of extensive dissolution (figure 4.1.4.)).

EBSD: The EBSD measurements of the 4 days altered samples show some smaller individual
grains of secondary calcite (roughly 20 x 40 um and 60 x 80 um) amidst the prismatic layer
(figure 4.1.4.k), but much larger grains (above 100 um in diameter) accumulated at the interface
of the two ultrastructures (figure 4.1.4.1). The secondary calcite grains are mostly
monocrystalline, only the larger grains can exhibit a slight inner misorientation. Their rims of
the secondary calcite grains that grow within the confined space of the prismatic ultrastructure
are tattered where they slowly incorporate the much smaller prismatic mineral units. The EBSD
measurements underpin the observation of the SEM images that the secondary calcite grains at
the interface push into the nacreous layer, resulting in noticeably stronger amalgamation in
these areas (figure 4.1.4.1). The material altered for 7 days shows the ongoing growth of
secondary calcite, as before predominantly at the interface of the two different ultrastructures
(figure 4.1.4.m). The prisms appear more rounded, the prismatic layer slightly less porous. After
14 days the calcitization proceeded into the nacreous layer. Now, the whole shell material
consists predominantly of secondary calcite. Only little nacreous material is left. In the areas
where nacre has not yet been substituted and the calcite has relatively recently grown, the
secondary calcite consists of many smaller and differently sized grains with tattered grain
borders (figure 4.1.4.n). But in the former prismatic layer, where the calcite grains started to
replace the primary ultrastructure much longer ago, the calcite grains show the typical angular

and straight edges of inorganically grown crystals and present a high crystallinity (figure
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4.1.4.0). The nacreous material still has the similar and slightly dispersed orientation of the
pristine material. However, with proceeding amalgamation, some bundling of the orientations
due to the merging of the nacre tablets along the long edges into columns, can be observed.
After 28 days of alteration there are still remaining patches of nacreous ultrastructure, but the
strength of impact of the alteration is obvious in the well-advanced amalgamation, stronger
scattering of the orientations, and more frequent nucleation of secondary calcite grains within
the cavities between the merged tablets (figure 4.1.4.p). The material of the fossil species
Haliotis tuberculata still presents a lot of aragonitic material, both of the prismatic and the
nacreous layer (figure 4.1.4.q). As in the alteration experiments, calcitization began at the
interface of the two ultrastructures. The crystals of secondary calcite show random orientations
and a variation of sizes. Compared to the altered samples, the secondary calcite grains within

the fossil material are larger with more random orientations and a higher crystallinity.

EDS: The fossil material shows an elevation of the Mg content within the secondary calcite
grains (figure 4.1.4.r). Larger grains seem to have higher contents. The edges of the fractures,

where the calcitization started, show elevated Mg ratios.
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Figure 4.1.4: Microscopic analyses of Haliotis ovina: atb) SEM images of intensive dissolution and early
formation of secondary calcite after 4 d of alteration, c) SEM image of amalgamation within the nacreous layer
after 4 d of alteration, d) SEM image of typical beginning calcitization within the prismatic layer at the interface
to the nacreous layer after 7 d of alteration, e+f) AFM maps showing beginning calcitization at the interface within
the prismatic layer after 7 d of alteration, g) AFM map of distortion through the growth of secondary calcite grains
after 7 d of alteration, h) SEM image of progression of the calcitization into the nacreous ultrastructure after 14 d
of alteration, i) SEM image of areas of high porosity after 28 d of alteration, j) SEM image of extensive dissolution
on the surface of the outer side of the shell after 28 d of alteration, k) EBSD phase map of isolated calcite grains
within the prismatic ultrastructure after 4 d of alteration, 1) EBSD orientation map (IPF colour code x-axis) of
larger calcite grains at the interface after 4 d of alteration, m) EBSD orientation map (IPF colour code x-axis) of
ongoing calcitization at the interface after 7 d of alteration, n) EBSD phase map of younger and smaller grains of
secondary calcite within the nacreous layer after 14 d of alteration, o) EBSD orientation map (IPF colour code x-
axis) of older and larger grains of secondary calcite within the prismatic layer after 14 d of alteration, p) EBSD
orientation map (IPF colour code x-axis) of amalgamation within the nacreous ultrastructure with small secondary
calcite grains (red) nucleating in the cavital space after 28 d of alteration, q) EBSD phase map of fossil Haliotis
tuberculata with prismatic as well as nacreous ultrastructure preserved, r) EDS map showing elevated Mg
signatures within the secondary calcite grains in fossil Haliotis tuberculata.
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4.1.5 Aequipecten opercularis
XRD: Except for the 14 days alteration, the calcite content of the pristine, altered, and fossil

material stays in the range 94 to 98 vol %. The 14 days alteration shows about 6 vol % more
aragonite compared to the 7 days altered specimen, probably due to natural variation in the

mineral composition of the starting material.

Table 4.5: Aragonite and calcite content values for the bivalve Aequipecten opercularis in vol %, as determined
by X-ray diffraction and subsequent Rietveld refinement.

Aequ:pectgn aragonite [vol %] | calcite [vol %]
opercularis

pristine 2.63+£0.28 97.37 £0.28

4 days 3.28+0.32 96.72 £ 0.93

7 days 4.55+0.46 95.45 +2.13

14 days 11.72 £ 1.23 88.28 +1.61

28 days 1.77+£0.48 98.23+1.42

fossil 5.71+0.08 94.29 + 1.83

AFM and SEM: SEM images of the pristine material show the multi-faceted texture (figure
4.1.5.a) and an overall low porosity. After 4 days there is a multitude of fractures and a
heightened porosity (figure 4.1.5.b and c¢). Except of slight dissolution marks, SEM and AFM
data of the 4 days and 7 days altered specimen show no notable change to the pristine
microstructure and nanostructure. Even after 14 days the shell still shows the characteristics of
the primary ultrastructures (figure 4.1.5.d), pointing to a missing or weak amalgamation.
Generally, dissolution is prominent at the undulations on the shell’s outside, so that the domes
of the mounds disappeared and only pointed peaks from the base of the pre-existing mound
remains. Fine fractures along the course of the various ultrastructures, dissolution on the outer
rim, and micro-porosity are also the prominent traits of the 28 days altered shell material (figure
4.1.5.e). Within the fossil material the traits of the primary ultrastructure, including the thin
layer of aragonite on the inside of the shell, is still discernible and there is no sign of secondary
grown calcite (figure 4.1.5.f and g). The material also shows the pointed peaks on the outer side
of the shell, caused through dissolution in the area of the mounds (figure 4.1.5.h). The only

notable difference to the alterations is the more compact nature of the fossil shell.
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EBSD: In conformity with the SEM and AFM results, the EBSD maps of the 7 days altered
specimen show no clear signs of overprint, but a good preservation of the ultrastructural
characteristics (figure 4.1.5.1). Throughout all alterations the ultrastructure retains its
characteristics, without signs of significant distortion of the primary ultrastructural features,
signs of amalgamation, or the nucleation of secondary calcite (figure 4.1.5.j). What is
observable is dissolution on the outer shell and a slight adaptation of orientations within the
primary ultrastructure. Even in the fossil material the ultrastructural features are roughly
preserved, while only some of the details vanished: The detailed band of aragonitic
microstructure directly at the interface to the calcite layer is still discernible, even if hardly. The
following zig-zag structure in the aragonite layer is practically gone. Both areas are now build-
up of small roundish aragonite minerals. So, although the details of the respective ultrastructural
units got lost, the mineralogy did not change and no calcitization occurred. The interface of

aragonite to calcite is still very even and clear (figure 4.1.5.k and 1).
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Figure 4.1.5: Microscopic analyses of Aequipecten opercularis: a) SEM image of texture of the pristine shell, b+c)
SEM images of formation of fractures and secondary porosity after 4 d of alteration, d) AFM map of the
preservation of the ultrastructural characteristics after 14 d of alteration, ¢) SEM image of high porosity and
frequent fractures within the preserved ultrastructural features after 28 d of alteration, f+g) SEM images of the
preservation of the primary ultrastructure and lack of calcitization in the fossil material, h) SEM image of the same
dissolution pattern on the outer side of the shell in the fossil material as also found in the alteration experiments,
1) EBSD orientation map (IPF colour code y-axis) of the low impact on the texture after 7 d of alteration, j) EBSD
orientation map (IPF colour code z-axis) of an area with no obvious change after 28 d of alteration, k) EBSD phase
map of the well preserved interface of the aragonitic and calcitic layers in the fossil specimen, 1) EBSD phase map
of the interface of the aragonitic and calcitic layers in the pristine material.
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4.1.6 Inorganic monocrystals
To see possible differences in the reaction of organically and inorganically grown material

during hydrothermal alteration and to help decipher the role of the alteration fluid, naturally
grown aragonite and calcite monocrystals were added to the alteration series project. Two
alterations were carried out for each mineral. One time with marine fluid, and one time with

burial fluid. The temperature was set at 175 °C and the duration was 28 days.

Table 4.6: Aragonite and calcite content values for the inorganic materials, aragonite monocrystals and calcite
monocrystals, in vol %, as determined by X-ray diffraction and subsequent Rietveld refinement. All samples were
altered for 28 days at a temperature of 175 °C.

inorganic material, alteration fluid | aragonite [vol %] | calcite [vol %]
aragonite, burial fluid 95.61 +0.83 4.39 +0.87
aragonite, marine fluid 99.49 + 1.65 0.51+0.24
calcite, burial fluid 1.30+0.58 98.70 £ 1.53

calcite, marine fluid 3.25+1.26 96.75+1.99

4.1.6.1 Inorganic aragonite, burial fluid
XRD: After 28 days of alteration of the aragonite hydrothermally altered in burial fluid, it

presents a calcite content of over 4 vol % and an aragonite content of 96 vol %.

SEM: On the outer rim there are regions of dissolution (about 600 um deep) while the newly
emerged rim maintains the angles typical for the crystal lattice of aragonite (figure 4.1.6.a).
Fine fissures are frequent in some areas, emanating from the areas of dissolution (figure
4.1.6.b). In the areas of dissolution, secondary calcite crystallites formed with sizes of mostly

25 x 20 um, but up to 50 um (figure 4.1.6.c).

EBSD: The EBSD orientation map shows that at the areas of dissolution the crystal develops
deviations in the crystal orientation, breaking up the single crystal. Small grains of secondary

calcite can be seen in these areas of dissolution (indicated in figure 4.1.6.d).

EDS: The Mg, Si, and Sr signature in the dissolving, fine grained aragonite is notably higher
than in the main aragonite crystal (figure 4.1.6.¢). Ca is pronounced in the main aragonite crystal
and slightly showing in the secondary calcite, while the dissolving aragonite shows no

signature. All mentioned signatures are distributed evenly in the respective phases.
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4.1.6.2 Inorganic aragonite, marine fluid
XRD: XRD measurements for aragonite altered with marine fluid for 28 days show only 0.5

vol % of calcite and accordingly still 99.5 vol % aragonite.

SEM: The aragonite crystal altered with marine fluid shows quantitatively less dissolution than
the aragonite altered with burial fluid. However, the dissolution did not form long straight edges
(as it is the case in the aragonite altered with burial fluid) but created a very tattered outline

(figure 4.1.6.1). Fissures are scarcely present, too (figure 4.1.6.g).

EBSD: Here, probably resulting from the tattered outline, the regions showing a rotation of the
orientation at the areas of dissolution are more pronounced than in the aragonite altered in burial
fluid (figure 4.1.6.h), but grains of secondary calcite are rarer than in the aragonite altered with

burial fluid (Figure 4.1.6.i).

EDS: In the dissolving aragonite phase Mg, Si, Sr, and Al signatures are markedly higher
(Figure 4.1.6.)), while Fe and O signatures are only slightly higher than in the main crystal. Ca
and Yb present a strong signature in the main crystal and none in the dissolving material (figure

4.1.6.k). All these signatures are distributed evenly in the respective mineral phases.

4.1.6.3 Inorganic calcite, burial fluid
XRD: The calcite material hydrothermally altered in burial fluid for 28 days has about 99 vol

% calcite.

SEM: The calcite altered with burial fluid presents a very good preservation. Dissolution is
present along the rims of the crystal, however the notches resulting from the dissolution are
very shallow and there is only little dissolving phase. Additional to dissolution on the surface,
there are a multitude of small cavities within the material. Only a few fissures are present, that

run along the cleavage planes (figure 4.1.6.1).
EBSD: The EBSD maps show thin parallel streaks with a small deviance in orientation.

EDS: Ca and Yb are distributed evenly in the material, but the outer edge where the dissolution

occurs shows a thin and strong band of Mg and O (Figure 4.1.6.m).

4.1.6.4 Inorganic calcite, marine fluid
XRD: The XRD results for the calcite crystal altered in marine fluid for 28 days shows 97 vol

% of calcite.
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SEM: Dissolution appears predominantly on the outer rims, which subsequently are notably
pitted (figure 4.1.6.n). The dissolving phase occurs as a thin band along the previous outline of
the primary calcite crystal, leaving a gap to the resulted new surface area (figure 4.1.6.0).
Frequent small cavities are present throughout the crystal. Fissures are quite rare, but broader

than in the calcite crystal altered with burial fluid.

EBSD: Like in the calcite crystal altered with burial fluid, EBSD orientation maps reveal thin
parallel streaks within the main crystal that present a different second orientation (figure

4.1.6.p).

EDS: The Ca and Yb signatures show evenly throughout the material, but there is a thin band
of Cl and Na on some part of the outer edge and along a fissure. The band of Mg and O shows
thicker and very notably on the outer edge within the dissolving material (figure 4.1.6.q).
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Figure 4.1.6: Microscopic analyses of the inorganic monocrystals: a) SEM image of 28 d altered aragonite (burial
fluid) with regions of dissolution on the outer surface, b) SEM image of 28 d altered aragonite (burial fluid) with
breakage emanating from the areas of dissolution, ¢) SEM image of 28 d altered aragonite (burial fluid) with small
grains of secondary calcite on the outer edges in areas of dissolution, d) EBSD orientation map (IPF colour code
x-axis) of 28 d altered aragonite (burial fluid) showing the development of deviant crystal orientations and the
formation of secondary calcite, ¢) EDS map of 28 d altered aragonite (burial fluid) showing the high signal of Mg
within the dissolving aragonitic material, f) SEM image of 28 d altered aragonite (marine fluid) showing the more
aggressive dissolution patterns of the marine fluid resulting in a tattered outline, g) SEM image of 28 d altered
aragonite (marine fluid) showing only few fissures, h) EBSD orientation map (IPF colour code x-axis) of 28 d
altered aragonite (marine fluid) showing the more pronounced deviation in orientation in the areas of dissolution
compared to the aragonite altered with burial fluid, i) EBSD phase map of 28 d altered aragonite (marine fluid)
showing the alteration with marine fluid resulting in fewer grains of secondary calcite compared to the alteration
with burial fluid, j) EDS map of 28 d altered aragonite (marine fluid) showing the heightened Si signature within
the dissolving aragonitic phase, k) EDS map of 28 d altered aragonite (marine fluid) showing the Ca signature
strong in the main crystal while non-existent in the dissolving phase, 1) SEM image of 28 d altered calcite (burial
fluid) showing only weak dissolution along the rims and few fissures that predominantly run along the cleavage
planes, m) EDS map of 28 d altered calcite (burial fluid) showing a thin band of heightened Mg content on the
outer edge where the dissolution occurs, n) SEM image of 28 d altered calcite (marine fluid) showing much more
pronounced dissolution compared to the calcite altered with burial fluid, o) SEM image of 28 d altered calcite
(marine fluid) showing a crust of dissolving calcitic material along the previous edges, p) EBSD orientation map
(IPF colour code x-axis) of 28 d altered calcite (marine fluid) showing thin parallel strands of a deviant orientation
within the main crystal, q) EDS map of 28 d altered calcite (marine fluid) showing the Mg signature significantly
heightened in the dissolving phase.
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4.2 Fossil project
For the fossil material no XRD analysis was applied, because the specimen in this category are

brachiopods, the shell of which are comprised solely of calcitic ultrastructures and no aragonite.
The description of the following specimen labelled “general overview” relates to the
specifications that can be seen with the naked eye, but without any magnification tools. An
overview on the analytical methods applied for the fossil project can be found in table 2.2 (page

16).

4.2.1 Terebratula scillae (V14b)

General overview: The overall state of preservation of this specimen is good, with the majority

of both valves present. But the shell is thin and fragile with many cracks and plates chipping
off. The inside of the shell is filled with loose sediment (figure 4.2.1.a).

SEM: The preserved ultrastructure of the shell is a fibrous layer with frequent punctae.

Dissolution marks can be seen at the outer surfaces of the shell (figure 4.2.1.b).

EBSD: The only present ultrastructure consists of fibres with frequent punctae (figure 4.2.1.c).
Strong merging is present throughout the shell (figure 4.2.1.d). Sub-parallel to the edge lies a
band that presents a strong distortion of the material, so that the outlines of the merged mineral
units are very undulating and tattered (see arrow in figure 4.2.1.c). This brachiopod species
possesses punctae, which however are not filled with secondary calcite. An area of partially
merged fibre strands of approximately 250 x 175 pm presents a high MUD value of 641 (area
of the map in figure 4.2.1.d).
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Figure 4.2.1: Photo and microscopic analyses of fossil Terebratula scillae (V14b): a) photo showing the majority
of the shell material preserved, but chipping off, b) SEM image of the shell with frequent punctae and heavy
dissolution, ¢) EBSD orientation map (IPF colour code x-axis) of the well preserved fibrous shell material with a
band of strongly disturbed material, but no calcitization, d) EBSD orientation map (IPF colour code y-axis) of
strong amalgamation of the fibres.
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4.2.2 Gigantoproductus sp. (V2b)

General overview: The material of the specimen received consists of a ~2 cm thick and ~16 cm

wide slice of one valve. No visible rock matrix is attached to the shell. The preservation of the

cut section is good with no visible fractures or chipping of the shell (figure 4.2.2.a).

SEM: SEM images evince the large-scale mineral units of the columnar ultrastructure (figure
4.2.2.b). Regionally enhanced porosity can be found in the second, much more finely grained

ultrastructure (figure 4.2.2.c).

EBSD: Two ultrastructures were detected through the EBSD maps. On the outer edge an
approximately 200 um thick primary layer can be found, consisting of small elongated mineral
units, situated perpendicular to the shell s surface (figure 4.2.2.d). Strong merging is present in
the primary ultrastructure. Also within the primary layer but at the interface to the secondary
layer, which consists of columnar mineral units, recrystallization in the form of bands of small
granular secondary calcite can be found (figure 4.2.2.¢). The most part of the preserved shell is
made up of a layer of rather large columnar mineral units (figure 4.2.2.f). The columnar units
also stand perpendicular to the shell’s surface and make up the majority of the shell’s thickness.
The internal orientation of one columnar unit shows faceting and a gradient shift. While
amalgamation and recrystallization can be found within the primary layer, the columnar layer
presents a very low overprint. In the columnar layer no recrystallization can be found and

distortion is not or only faintly present.
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Figure 4.2.2: Photo and microscopic analyses of fossil Gigantoproductus sp. (V2b): a) photo showing the thickness
of the shell, b) SEM image of columnar mineral units, ¢c) SEM image of finely grained second ultrastructure
attached to the columnar layer, d) EBSD orientation map (IPF colour code x-axis) showing the primary as well as
columnar layer, ¢) EBSD orientation map (IPF colour code x-axis) of the band of recrystallized material within
the primary layer at the interface to the columnar layer, f) EBSD orientation map (IPF colour code x-axis) of the
large-scale mineral units of the columnar layer and their good preservation.
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4.2.3 Tetractinella trigonella (V1a)

General overview: From this species a bulk of 9 specimens were obtained, which are all very

well preserved and show both valves. However, the shell material is not completely preserved,
there are some bits broken off and some rounded edges. On the outside of the shell there is not

much rock matrix, but on the inside the shell is completely filled (figure 4.2.3.a).

SEM: SEM images of the prepared specimen exhibit a fibrous ultrastructure with the typical

mushroom-shapes, although some slight merging is visible (figure 4.2.3.b).

EBSD: There is one type of ultrastructure preserved, which is a fibrous layer (figure 4.2.3.c).
These mineral units show signs of alteration, such as occasional distortion of the typical
mushroom-shape of the fibres as well as slight amalgamation, and breakage (figure 4.2.3.d). At
the boundary of the shell to the internal rock matrix, the fibres merge into larger grains. There

is no formation of secondary calcite within the shell material.

b

Figure 4.2.3: Photo and microscopic analyses of fossil Tetractinella trigonella (V1a): a) photo showing analyzed
sample with both valves preserved, b) SEM image of well preserved fibres, ¢c) EBSD orientation map (IPF colour
code y-axis) of fibres showing only slight amalgamation, d) EBSD orientation map (IPF colour code x-axis) of
another region within the fibrous layer showing breakage and stronger amalgamation.
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4.2.4 Hunzina electa (V3al)

General overview: From this species a bulk of 10 specimens were obtained, of which two were

examined, with the dedicated sample numbers V3al and V6a (for the results on this specimen
see the following chapter 4.2.5). All specimens of the bulk consist of the ventral valve and rock
matrix, which is attached to the inside of the shell. The shape of the specimens is well preserved
with the major part of the ventral valves preserved, but breakage points to a strong diagenetic

impact (figure 4.2.4.a).

EBSD: One ultrastructure was found in this specimen: a columnar layer. The material presents
a generally strong overprint, exhibiting wide fractures (figure 4.2.4.b), a strong distortion of the

primary texture, and frequent and large grains of secondary calcite (figure 4.2.4.c).

Figure 4.2.4: Photo and microscopic analyses of fossil Hunzina electa (V3al): a) photo showing the ventral valve
with most of the shell material preserved, b) EBSD orientation map (IPF colour code x-axis) of the columnar
ultrastructure showing gaping fractures with recrystallized material in the cavities, ¢) EBSD orientation map (IPF
colour code y-axis) showing frequent grains of secondary calcite throughout the shell.

-77 -



4.2.5 Hunzina electa (V6a)

General overview: As described in the previous chapter 4.2.4, the samples of the bulk material

of this species consist of the ventral valve and rock matrix which is attached to the inside of the
shell. The shape of the specimens is well preserved with the major part of the ventral valves

preserved (figure 4.2.5.a).

SEM: The SEM images show the columnar mineral units of the preserved shell and a small
remnant of the presumable fibrous layer at the outer edge of the specimen (figure 4.2.5.b). Only
very few fibres are preserved while the major part was dissolved or has been broken off. The
remnants of the fibrous layer are strongly disturbed and fractured. Secondary calcite can already
be found within the columnar layer, and after a maximal thickness of the preserved shell
material of about 2 mm, the columnar mineral units become entirely substituted by the
recrystallized secondary calcite on the inside of the shell (figure 4.2.5.c). Fissuring proceeds
vertically from the outer surface inwards, penetrating through the shell material into the rock

matrix.

EBSD: In this specimen the columnar layer as well as a small remnant of a second highly
disturbed presumable fibrous layer were preserved (figure 4.2.5.d). Although the disturbance
of the columnar ultrastructure appears to be not as strong as in the specimen V3al, there is more
secondary calcite present in this sample (indicated in figure 4.2.5.¢). On one outer edge there is
a very thin band (50 — 100 pm) of finely grained material, presumably the strongly altered

fibrous layer.
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Figure 4.2.5: Photo and microscopic analyses of fossil Hunzina electa (V6a): a) photo showing the ventral valve
with most of the shell preserved, b) SEM image of the columnar ultrastructure and a smaller grained second
ultrastructure at the edge region, ¢c) SEM image showing the thickness of the shell, the thin band of small-grained
mineral units, and the thick columnar layer interlocked with the rock matrix, d) EBSD orientation map (IPF colour
code x-axis) showing the columnar layer and the highly disturbed second ultrastructure, ¢) EBSD orientation map
(IPF colour code x-axis) showing a large number of secondary calcite grains (arrow) within the columnar layer.
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4.2.6 Trigonotreta lyonsensis (V41)
General overview: This sample was received as a relatively small fracture of a thick shell with

a sawn off part. The available material belongs to a dorsal valve, but it was too small to make

a further statement on the state of preservation (figure 4.2.6.a).

SEM: The small portion of the shell that represents this specimen shows large fractures and

areas of dissolution (figure 4.1.6.b).

EBSD: The only preserved ultrastructure consists of fibres. Amalgamation is strong throughout
the shell, but the fibrous character is still discernible in some parts. However, in the areas of
contact to grains of secondary calcite the fibres are distorted and amalgamated beyond
recognition (figure 4.1.6.c). Within the larger grains of secondary calcite (up to roughly 100
um) pressure twins (e-twins) are present (indicated in figure 4.1.6.c). Despite the disturbance
of the fibrous ultrastructure through the strong overprint, the crystallographic orientations
within the shell are strongly bundled, so that a MUD value of 215 for an area of approximately
1300 x 900 pm including a grain of secondary calcite was measured (area of the measured map

in figure 4.1.6.c).
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Figure 4.2.6: Photo and microscopic analyses of fossil Trigonotreta lyonsensis (V41): a) photo showing the small
fraction preserved within the rock matrix with the arrow indicating the analyzed area, b) SEM image of the shell
presenting strong dissolution and frequent fractures, ¢) EBSD orientation map (IPF colour code x-axis) showing
the fibrous ultrastructure with strong disturbance in the area of grains of secondary calcite, which present pressure
twinning (arrow).
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4.2.7 Trigonotreta larghii (V49)

General overview: The shell of this specimen is only preserved in parts of one valve and was

obtained cut in half through the umbo. A considerable part of the shell is broken off and the
remaining shell surface is fractured and tattered. Rock matrix is attached to the inside of the

shell (figure 4.2.7.a).

SEM: SEM images show three ultrastructural units: a primary layer, fibres, and columns. The
primary layer is very thin and shows signs of dissolution and overprint (figure 4.2.7.b). A very
fine porosity can be seen, amplified along fissures (figure 4.2.7.c). The fibrous and columnar
layers, although easily discernible as such, also present signs of strong overprint. While within
the fibrous layer some distortion of the pristine shapes as well as amalgamation can be found,

the columnar layer shows very frequent twinning (figure 4.2.7.d)

EBSD: Although looked at it by the naked eye the preservation of the sample seems poor, the
EBSD maps proof the preservation of three types of ultrastructures (figure 4.2.7.¢). Directly on
the rim of the shell lies a thin primary layer of approximately 30 — 50 um. It consists of slightly
elongate grains with divergent orientations, standing perpendicular to the shell’s surface. The
primary ultrastructure shows strong amalgamation and disturbance (figure 4.2.7.f). Adjacent to
the primary layer lies the fibrous layer. Although the type of ultrastructure is clearly discernible,
fracturing and a heightened level of amalgamation is present while no formation of secondary
calcite seems to have happened (figure 4.2.7.g). The third ultrastructure is the columnar layer
with large oblong crystal units arranged perpendicular to the surface of the shell. This columnar
layer boasts extensive pressure twinning (figure 4.2.7.h and 1). A detailed examination of the
relative crystallographic orientation of the twins (done for all specimens presenting twins)
revealed that they are exclusively e-twins emerged from high pressure conditions (Lippmann

1973).
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Figure 4.2.7: Photo and microscopic analyses of fossil Trigonotreta larghii (V49): a) photo showing the small
portion of the valve with relatively poor preservation, b) SEM image of all three preserved ultrastructural units, c)
SEM image of fine porosity, which is heightened along a fissure, d) SEM image of amalgamation within the
fibrous layer and twinning within the columnar layer, ¢) EBSD orientation map (IPF colour code x-axis) of the
three preserved ultrastructures: primary, fibrous, and columnar (left to right), f) EBSD orientation map (IPF colour
code x-axis) showing amalgamation, disturbance, and dissolution of the primary ultrastructure, g) EBSD
orientation map (IPF colour code z-axis) showing the strong diagenetic impact on the columnar and fibrous layers,
h) larger EBSD orientation map (IPF colour code y-axis) showing the extent of pressure twins in the columnar
layer, i) EBSD orientation map and pole figures for calculation of the angle of the twinning in respect to the main
grain.

4.2.8 Gypospirifer sp. (V42)

General overview: This specimen consists of a relatively small fraction of a ventral valve

around the umbo, while the commissural region is only preserved in some areas as a rough
imprint. Characteristics like the elongate shape and the ridges are identifiable. Rock matrix is

attached to the inside of the shell (figure 4.2.8.a).

SEM: SEM images show a columnar ultrastructure making up the whole preserved shell
material, which presents a thickness of up to 3 mm. While the outer edge of the shell is even,
at the inner side of the shell the columnar mineral units interlock with the rock matrix (figure
4.2.8.b). Fractures are very frequent and run mostly perpendicular to the shell’s surface (Figure

4.2.8.0).

EBSD: The EBSD maps show the columnar mineral units with strong pressure twinning (e-

twins) and regions of dissolution (figure 4.2.8.d).
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Figure 4.2.8: Photo and microscopic analyses of fossil Gypospirifer sp. (V42): a) photo showing the preserved
material around the umbo of a ventral valve, b) SEM image as an overview showing the shell interlocked with the
rock matrix on the inside of the shell, c) SEM image showing frequent fractures perpendicular to the shell’s surface,
d) EBSD orientation map (IPF colour code z-axis) showing a columnar ultrastructure with extensive pressure
twinning.

4.2.9 Afghanospirifer sp. (V46)

General overview: The specimen is a fraction of a ventral valve with shell material preserved

in most places so that the overall shape and the ridges are discernible. On the inside the shell is

attached to a rock matrix (figure 4.2.9.a).

SEM: The SEM images show that the preserved shell material is composed of the large mineral
units of a columnar layer (figure 4.2.9.b) presenting a very fine porosity and excessive twinning
(figure 4.2.9.¢). On the inner side the shell material is interlocked with the attached rock matrix.

Breakage is common with the frequent fractures going in all directions.

EBSD: The EBSD measurements present a variety of details. Firstly, two ultrastructures were
found: next to the columnar layer a thin band of a presumable fibrous layer can be seen
(indicated in figure 4.2.9.d). The fibrous layer is only maximally 50 um thick and the fibres’

shapes are strongly disturbed. Secondly, strong fracturing is present throughout the material.
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Thirdly, excessive and multi-directional pressure twinning (e-twins) is present within the larger
grains (figure 4.2.9.e). Fourthly, recrystallization of the pre-existing material through secondary

calcite can be found as singular small crystals, but also large clusters; even in the columnar

layer.
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Figure 4.2.9: Photo and microscopic analyses of fossil Afghanospirifer sp. (V46): a) photo showing the part of the
preserved ventral valve showing an umbo and ridges, b) SEM image of a columnar ultrastructure, ¢) SEM image
of the fine porosity and extensive twinning within the columnar layer, d) EBSD orientation map (IPF colour code
z-axis) of the columnar layer with fractures and large patches of secondary calcite, but also showing a second
preserved ultrastructure, a presumable fibrous layer (arrow), ¢) EBSD orientation map (IPF colour code x-axis)
showing the extensive twinning within the large grains of the columnar ultrastructure.
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4.2.10 Alispirifer cf. middlemissi (V50)

General overview: The sample was received as a small cut-off irregular fraction in a cuboid of

rock matrix of roughly 15 x 10 x 5 mm. The intense fracturing of the material points to a strong
diagenetic impact, but a further determination of the state of preservation is not possible without

analytical methods (figure 4.2.10.a).

SEM: As the SEM images disclose, the shell material has a maximal thickness of about 1.4
mm. The little shell material preserved is broken in two pieces and presents a multitude of
fissures (figure 4.2.10.b). Dissolution is present and very extensive in some areas in conjunction
with the fissures. The majority of the preserved material seems to consist of a columnar layer
showing twinning (figure 4.2.10.c) and fine fissures (figure 4.2.10.d). In one place a very small
(~ 0.2 x 1 mm) remnant with a different ultrastructure is attached to the columnar layer
(indicated in figure 4.2.10.b). This second ultrastructure consists of elongate, slightly wavy
mineral units, appearing to be fibres but not unequivocally determinable in the SEM images

(figure 4.2.10.¢).

EBSD: The EBSD maps reveal a high co-orientation within the columnar layer (figures 4.2.10.f
and g). Pressure twins (e-twins) are present within this ultrastructure, but the columnar mineral
units do not show any other obvious disturbance. The second type of ultrastructure shows the
much smaller and elongate grains of the presumable fibrous layer (figure 4.2.10.h). Compared
to the columnar layer, this ultrastructure is strongly disturbed and altered through

amalgamation.
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Figure 4.2.10: Photo and microscopic analyses of fossil Alispirifer cf. middlemissi (V50): a) photo showing the
small fraction of the preserved shell material, b) SEM image showing the strong breakage and dissolution, arrow
indicating the small remnant of a second ultrastructural unit, ¢) SEM image of the columnar layer with extensive
pressure twinning, d) SEM image showing frequent very fine fissures, ¢) SEM image of the second ultrastructure
of presumable fibres, f) EBSD orientation map (IPF colour code y-axis) of the columnar layer presenting a still
very high co-orientation, g) calcite pole figure belonging to the map in image f, showing the bundling of the
orientations for the columns (green/ blue) and pressure twins (red/ yellow), h) EBSD orientation map (IPF colour
code y-axis) of the presumable fibrous, but certainly strongly overprinted ultrastructure attached to the columnar
layer.
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S Discussion
As it is always the case in nature, there are a myriad of factors that play into these processes of

diagenetic alteration. Not all can be heeded. For one, the environment in which the diagenetic
overprint occurs can be extremely complex and parameters can change repeatedly. But also in
the laboratory experiments there are sources for discrepancies. For one, the work material has
been taken from nature and therefore shows natural variations, but also the experimental setup

or the machines can be subjected to irregularities.

Natural variation is an important building block of evolution and, luckily, can not be removed.
Therefore, it is a scientist’s objective to, although not measurable, consider these factors when

evaluating results.

5.1 Alteration series project

S.1.1 Sequence
Despite the numerous differing types of ultrastructures from the many species, a generally valid

succession of occurrences can be observed in all alterations. The changes follow the same order
(figure 5.1), but they can overlap and slightly vary in strength and scope due to the different
factors such as thickness of the shell, fluid chemistry, duration, organic content, mineralogy, or

pore system.
This succession of occurrences can be categorized into three levels.

Level 1 takes place nearly instantly after the beginning of overprint. The organic matter, like
the organic sheath hemming the fibres in the bivalve Mytilus edulis, or the extensive network
of biopolymer fibrils in the prismatic ultrastructure of the extant gastropod Haliotis ovina,
disintegrates and leaves an interconnected web of secondary porosity, expanding the pre-
existing primary porosity. Also at this stage, fissures and breakage can occur (mechanical
disintegration), depending on the pressure conditions and a possible susceptibility of some
features. One according example of such a feature is the highly organic sheath at the interface
of the two ultrastructures of Mytilus edulis, which, with the disintegration of the organics, leaves

such a wide gap, so that the material regularly separates along this line.

Level 2 comprises the amalgamation and consequential distortion of the mineral units of the
various ultrastructures, while the primary phase principally remains preserved. Both processes
are based on the dissolution and reprecipitation of the mineral phase in contact with the
alteration fluid. With the expanded pore system comes an increase of the surface area and the

percolation of the alteration fluid, leading to an upsurge in dissolution. After and during
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dissolution, the process of reprecipitation takes place in the cavital space, leading to the
amalgamation of the primary mineral units of the existing ultrastructure. A consequence of
amalgamation is the distortion of the characteristic shape of the pristine biogenic mineral units.
Through the ongrowth of the new material the outline of the biogenic mineral units becomes
more rounded. In further process of the merging of two or several mineral units with a similar
orientation, larger compounds develop that mostly show no resemblance to the primary
material. Additionally, with the physical amalgamation of the mineral units, their
crystallographic orientations gradually assimilate until the compound presents one singular
orientation. An in-depth breakdown of the process of amalgamation is given in the following

chapter 5.1.2.

Level 3 begins with the nucleation of secondary calcite. The newly nucleated secondary calcite
grows independently to the pre-existing mineralogy as an inorganically formed calcite. If given
the right conditions and enough space, it can form relatively large grains with a high
crystallinity. The nucleation process begins predominantly in the remaining cavital space and
after a notable amalgamation. This secondary calcite phase denotes the start of calcitization of
the pre-existing material through the progressive growth of the secondary calcite pending the
replacement of the primary mineralogy, resulting in the loss of primary ultrastructural features.
Additionally, through the spreading of the new mineral grains, the cavities are being filled out,
leading to a decrease in porosity. Hence, the maximally overprinted shell presents a dense
material consisting of large secondary calcite grains presenting a relatively high crystallinity

(Shearman and Fuller 1969) (figure 5.2).
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Figure 5.1: Schematic sketch of the typical sequence of the diagenetic impact as observed in the alteration series
as well as the fossil material on the example of a fibrous ultrastructure.
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Figure 5.2: EBSD orientation map (IPF colour code x-axis) showing how a typical completely overprinted biogenic
material could look like, example of Haliotis ovina altered for 14 d in marine fluid.
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5.1.2 Amalgamation
In this work the term ,,amalgamation is used to describe the process of biogenic mineral units

merging with neighbouring biogenic mineral units during natural diagenesis or laboratory-
based hydrothermal alteration (mimicking of natural diagenesis). This process begins after the
loss of the organic matter and the subsequent expansion of the pore network along with the
enhanced percolation of the alteration fluid. The underlying principles are the dissolution of the
primary material in contact with the alteration fluid and the reprecipitation of the dissolved
material onto the surface of the biogenic mineral units while adapting its crystallographic
orientation (homoepitactic ongrowth) (Casella et al. 2018a). This leads to a minimization or

elimination of grain boundaries and complies with the principle for minimal Gibbs free energy.

The dissolution and reprecipitation leads to a change of textural intricacies. The characteristic
primary shape of the biogenic mineral unit becomes more rounded and distorted until, with the
connection of two or more mineral units, larger compounds form, which are even more unequal
to the primary texture. It is also to note that, due to the addition of the secondary inorganically
grown material and the change of the texture, and despite the retention of the mineral phase and
crystallographic orientation, a material impacted by amalgamation has to be considered

secondary.

5.1.3 Calcitization
Typically, after the process of organic disintegration and amalgamation starts the process of

calcitization. It begins with the nucleation of secondary calcite grains, chiefly in the open cavital
space where the flux of the supersaturated fluid is high and space is abundant. Especially for
aragonitic starting material space is an important factor, for calcite (density of calcite: 2.71
g/cm?) has a lower density as aragonite (density of aragonite: 2.93 g/cm?®) and hence needs more

space for the same amount of material (Northwood and Lewis 1968).

With ongoing growth, the secondary inorganic calcite starts to replace the pre-existing, often
amalgamated material. Unlike amalgamation, calcitization can engender a change in
mineralogy, in addition to changes in crystallographic orientation and the loss of ultrastructural

features (Casella 2018).

There is still some debate on the designation of this process, for sometimes the pre-existing
material already contains calcite. This pre-existing calcite, however, is of biogenic origin while
the secondary calcite which forms in the course of a diagenetic overprint is inorganic and thus

more stable. Tucker and Wright (1990) and others (e.g. Rabier et al. 2008) apply the more
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general term “neomorphism”, which has been introduced by Folk (1965), for this “process of
replacement and recrystallization” with a “change in mineralogy”, but include calcitization,
including the biogenic calcite to inorganic calcite transformation, as a process of neomorphism.
Middleton defines the term “calcitization” in the Encyclopedia of Sediments and Sedimentary
Rocks (Middleton et al. 2003) as follows: “Calcitization is the transformation of any mineral to
calcite and as such can be a type of recrystallization (calcite to calcite), replacement (e.g.
anhydrite to calcite) or neomorphism (aragonite to calcite)”. This is the definition applied in

this work.

S.1.4 Resistance
There are four factors of the biogenic material that affect the response of the material to

alteration, that were established in the course of this work. One of these factors is the organic
matter. Its content and distribution have an influence on the formation of the secondary porosity,
but also of fissures and larger cracks, up to the separation of parts of the shell. The experiments
on the bivalve Mytilus edulis are an excellent example for that, for in every experimental setup
the shell separated along the organic-rich shift between the nacreous layer and the fibrous layer
(figure 5.3). These breakages allow the flow of the alteration fluid and provide ample additional
surface area for the fluid to expedite the overprint process. Furthermore, it supplies free space
for the nucleation and growth of secondary calcite. As seen in the experiments on the gastropod
Haliotis ovina, the organic rich layer between the two ultrastructural units was always the
region of the first nucleation of secondary calcite (figure 4.1.4). A contrary example would be
the alteration experiments on the stony coral Porites sp. as well as the inorganic monocrystals.
In this material there is overall minimal or no organic content, effectuating a high resistance to

alteration.

Closely interlinked to the organic matter is the factor porosity. It acts similarly to the breakage
described in the last chapter. Interconnected, open pore space increases the percolation rate of
the fluid and allows the penetration into the material. The result is an enhanced and broadly
distributed overprint. In the fibrous layer of Mytilus edulis this effect shows in the rapid
amalgamation of the fibres after the loss of the organic sheath enveloping the singular fibre
strands. Within the inorganic monocrystals that possess no organic matter and hence form no
pore system, the overprint proceeds from the only surface area exposed to the alteration fluid,

the external side, while the inner areas are mainly unaffected in that way.
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The third factor is the mineralogy. The underlying principles of this is the solubility of the
different phases. An aragonitic starting material possesses a higher solubility as the arising
calcite phase. In the process of dissolution of the aragonitic phase, the alteration fluid becomes
undersaturated with regard to aragonite while supersaturated with regard to calcite (Casella

2018, Morse et al. 2007).

The texture is the fourth factor. The organically guided growth of the fibres, nacre tablets,
prisms and other various ultrastructural units is not in accordance with the principle of Gibbs
free energy, especially after the loss of the organic matter (Casella 2018). During the life of the
organism it can uphold the texture, but after death and induced through diagenesis the material
becomes subjected to the environmental influences and reshapes into its ideal form of minimal

free energy.

/
i
1

1)/

Figure 5.3: SEM image of Mytilus edulis altered for 4 d in marine fluid, demonstrating the frequent partitioning of
two different ultrastructural layers at the interface through the disintegration of the high organic content.
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5.1.5 Fluid chemistry

One portion of this work was the comparison of burial alteration fluid to marine alteration fluid.

For this, inorganic aragonite and calcite monocrystals as well as three biogenic materials have

been adduced: the bivalve Arctica islandica, the sea snail Haliotis ovina, and the coral Porites
sp..

The data of the biogenic materials that have been altered with burial fluid have been acquired
from the dissertation of and by Dr. Laura Casella (Casella 2018), all other results stem from
this dissertation’s work. To assure maximal comparability, all materials and alteration fluids
originate from the same batch. The applied methods are XRD measurements for the
determination of the aragonite to calcite ratio, as well as SEM imaging to evaluate the influence

on the texture.

For all alterations two things hold true: For one, the alterations performed with burial alteration
fluid show an earlier rise of calcite concentration, indicating an earlier begin of calcitization
compared to the materials altered with marine fluid. Secondly, the alterations performed with
burial alteration fluid present an overall higher calcite content throughout all the time ranges of

the alterations (figure 5.4).

While with these XRD results the burial alteration fluid proves to be more accelerating for the
calcitization process, SEM imaging presents further details, particularly apparent in the
inorganic materials. Samples altered with marine fluid present a very rough and tattered surface
on the planes open to the fluid, while samples altered with burial fluid present more and larger

grains of secondary calcite.

The fact that burial fluid facilitates an earlier and more rapid growth of secondary calcite could
be explained by the high content of inhibitors within the marine alteration fluid, such as Mg.
The burial fluid contains 10 mM of Mg, which equals 10 mmol/litre. The marine fluid was
prepared with a synthetic sea salt that contained 46 mmol/litre, so a nearly 5 times higher

content of Mg.
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Figure 5.4: Graph presenting the rising calcite content through calcitization, comparing burial to marine fluid on
the example of the bivalve Arctica islandica, showing the much earlier and higher increase in calcite content in
alterations done with burial fluid.

5.2 Fossil project
In the alteration experiments, different levels of overprint are attained through the different

durations of the experiments, while in the fossil material the various geothermal gradients of
the respective basins led to various levels of overprint. The four basins come with four
temperature ranges: basin 1) Castell’ Arquato Basin with up to 50 °C, basin 2) Pennine Basin
with 100 — 120 °C, basin 3) Lombardian Basin with 150 — 200 °C, and basin 4) Karakoram
Basin with 300 — 350 °C. As described in chapter 2.1, all fossil specimens are of the phylum
brachiopoda with varying combinations of the following ultrastructures: primary layer, fibrous

layer, and columnar layer.

Materials from the basin 1 possess the characteristics of a beginning of level 2 of overprint, as
described in chapter 5.1.1 above. The fibrous texture is well preserved, but shows amalgamation
(figure 4.2.1.d). A band of heavy distortion runs through the fibrous layer, pointing to a singular
event such as a local pressure event or an increased overprint aided by the percolation of the
alteration fluid through a fissure (figure 4.2.1.c). However, no calcitization (in the form of

secondarily nucleated calcite) is present, not even in the frequent punctae of the shell.

The materials from basin 2 feature the characteristics of level 2, plus, but only locally, level 3.
The materials from this basin are all from the genus Gigantoproductus, presenting a thick
columnar ultrastructure and a thin primary layer. The primary layer shows strong merging and
distortion. Additionally, along the interface to the columnar ultrastructure as well as along
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fractures running through the primary layer runs a band of recrystallized material (figure
4.2.2.e), strongly suggesting the previous presence of a thick organic layer that, through its
degradation, presented ample open pore space for the percolation of the alteration fluid and the

following nucleation of secondary calcite.

The materials of basin 3 show the features of a level 3 of overprint. The fibrous ultrastructure
is still discernible, but it exhibits amalgamation, which is very pronounced in most areas (figure
4.2.3.c). Furthermore, extensive areas of secondary calcite and frequent fissures are present in

the shell material.

The ample materials from basin 4 present all the signs of an intensive level 3 of overprint,
resulting from high temperatures and high pressure conditions. There is strong breakage, strong
amalgamation within the fibrous layer, and patches of secondary calcite within the columnar
layer. Additionally, the material from this basin shows very frequent pressure twinning within

the larger grains of the columnar layer (figure 4.2.9.d).

5.3 Comparability of altered and fossil specimen
As seen in the previous chapters, the characteristic events and their sequential steps (levels)

within the alteration experiments coincide with the findings in the fossil material. After the loss
of the organic matter with the accompanying surge in porosity comes the amalgamation,

followed by the calcitization with the substitution of pre-existing material by secondary calcite.

Naturally, also some differences lie between the laboratory experiments and natural diagenesis.
The complexity of nature, as briefly mentioned above, does not only have to be considered in
regard to the diagenetic processes the fossil material experiences, but also in context with the
laboratory based alteration experiments. The aim of these experiments was to mimic the
environmental conditions that are found during diagenesis, in order to analyze the small
individual steps through the variation of some influencing factors, and to investigate the
importance of these individual influencing factors that are known to introduce a diagenetic
overprint. Here, some limitations arise in the setup of the alteration experiments. The
circumstances that are found in nature can not be copied 1:1 to the laboratory environment. For
example, natural processes, such as orogenesis, never present only one temperature or one fluid
chemistry in its development. It presents a beginning phase, followed by an increase, and has
possibly several peak phases before its ending. It may even be reactivated after a dormancy

period. These constant changes could not be applied to the laboratory experiments. Here, one

-97 -



temperature frame and one alteration fluid was decided on and utilized for one experiment.
This, however, is not a detriment of the experiments, they in fact allow to investigate the effect
of one single factor through the aimed variation of the latter while maintaining the same
adjustments of the other factors. One implementation of this procedure was the comparison of

the alteration fluids that is described in chapter 5.1.

Now another obvious and extensive difference is the duration of the influence. While natural
diagenesis happens in geological time frames, the individual laboratory experiments were
conducted with a maximal duration of just 28 days each, due to the time limitations of a human
life, or rather, a doctorate. The comparison of the findings of the alteration experiments to the
findings of the fossil material, however, shows that despite the large dimension of this

discrepancy, the sequence of occurrences still corresponds.

A further difference to be addressed separately is the pressure. While it is a part of any
diagenetic environment, in the experiments, the pressure arises in form of water vapour pressure
from the heating and expansion of the gas and fluid in the sealed crucible, but unlike geologic
environments the specimens were not exposed to lithostatic pressure or tectonic stress. An
experimental setup that includes a specifically added and regulated pressure could surely yield

interesting and valuable results.

Another difference lies in the material that has been investigated. The samples for the alteration
experiments were recent taxa belonging to the bivalves, gastropods, and corals. The fossil
specimen on the other hand are all extinct taxa belonging to the brachiopods. The reasoning
behind this is that the fossil taxa are extinct and, hence, no extant (in order to be pristine)
specimen of these taxa could be obtained for the alteration experiments. Furthermore, the
alteration experiments were performed to, inter alia, compare the effect of different alteration
fluids. For this the results of another doctoral research were consulted for comparison.
Therefore, the same species as utilized in this other doctoral research were chosen for this
work’s hydrothermal experiments. Still, the results of this dissertation show that the two groups
of the alteration series project and the fossil project are clearly comparable. Systematic
differences of the various taxa, such as ultrastructural units are not restricted to one species, but
may occur in systematically quite distantly related groups, as it is the case with fibres, which

frequently occur in brachiopods as well as bivalves.

Despite these differences, the discrepancies are rather minor in comparison to the many
commonalities that lead to an overall accordance. Also my doctoral predecessor came to the
conclusion, that ,laboratory-based, simulated diagenetic alteration discloses microstructural
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and geochemical features that are comparable to those in fossil specimen® (Casella 2018, see

also Casella et al. 2017, Ritter et al. 2017).

6 Conclusions
One of the most important findings of this doctoral work is that the relatively simple setup of

the hydrothermal alteration experiments produces results that are highly relevant for the
comparison to, and understanding of the naturally altered fossils that experienced the complex
and prolonged process of diagenesis. This conclusion encourages to carry out additional
experiments to further decode the intricacies of diagenesis and its effect on the materials

adduced for palacoenvironmental reconstructions.

The comparison of the alteration series project to the fossil project shows that the alteration of
calcium carbonatic material proceeds in a specific sequence, regardless of the specific ambient
conditions. This sequence can be categorized into three levels. However, the individual events
may overlap or vary in intensity, depending on many factors. The external factors are
temperature or geothermal gradient, duration, pressure conditions, and the fluid chemistry. The
internal factors are the ultrastructure, organic matter, porosity and mineralogy. Level 1 is
characterized by the disintegration of the organic matter, an enhanced porosity, and an elevated
fragility. Level 2 shows a distortion of the primary mineral units through amalgamation. This
amalgamation presents itself as larger clusters of mineral units that merged together and
adopted the same or a similar crystallographic orientation. Level 3 is accompanied by the
beginning of calcitization with the nucleation of secondary calcite, which in further course leads
to the replacement of the primary biogenic phase by the inorganic calcite grains and a loss of
the primary ultrastructure. A graphic depiction of this sequence and the levels of overprint by
the example of a fibrous ultrastructure can be found in figure 5.1 above (see chapter 5.1.1). This
classification of the alteration process allows a preliminary insight into the level of overprint,

for which no lengthy EBSD measurements are necessary, but only SEM images.

This sequence of an overprint process was found in the alteration series project, as well as the
fossil project. Within the fossil project, the material was categorized by the originating four
basins, which underwent different thermal gradients. Basin 1, the Castell’ Arquato Basin with a
thermal gradient of up to 50 °C, presents a beginning level 2 of overprint: slight amalgamation
was found within the fibrous layer, but no fractures nor secondary calcite. Basin 2, the Pennine
Basin with a thermal gradient of 100 to 120 °C, presents a level 2 plus locally a level 3: the
primary ultrastructure presents strong amalgamation and even recrystallization along its
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interface to the columnar layer, which however presented no obvious signs of overprint. Basin
3, the Lombardian Basin with a thermal gradient of 150 to 200 °C, presents a level 3 of
overprint: the fibrous ultrastructure shows strong amalgamation, frequent fissures, and patches
of recrystallized secondary calcite. Basin 4, the Karakoram Basin with a thermal gradient of
300 to 350 °C, presents an intensive level 3 of overprint: very strong amalgamation and
distortion can be found within the fibrous ultrastructure, while strong breakage, large clusters
of secondary calcite, and even extensive pressure twinning can be found within the columnar

ultrastructure.

Despite this general consensus, some factors lead to a variance in strength of the different
aspects of the overprint. Herein, these are referred to as the influencing factors. The extensive
alteration experiments that have been conducted in the course of this doctoral research
presented a detailed insight into these factors that have a relevant influence on the process of
overprint. This insight helps to interpret and evaluate the analytical results of the material a
future scientist strives to investigate. Next to the obvious factors, such as the temperature and
duration, the factors that were unambiguously detected are the quantity and distribution of the
organic matter, the pore system, the ultrastructure, the mineralogy of the specimen, and the

chemical composition of the alteration fluid.

The quantity and distribution of the organic matter determines the quantity and distribution of
the cavital space that results from the disintegration of the organic matter, which is the
secondary porosity. The extent and interconnection of the porosity, primary and secondary,
controls the flux of the alteration fluid through the material and the amount of surface area that
comes in contact with the alteration fluid. A high flux and a large surface area both lead to a

significantly stronger overprint on the material.

The type of ultrastructure has a rather complex effect, for it includes the factors organic matter,
porosity, and mineralogy, as well as the size and shape of the biogenic mineral units. Most of
these factors are looked at separately and in detail, but it has been found that a prismatic
ultrastructure, through its extensive network of interconnected biopolymer fibrils leading to an
equally extensive network of porosity, tends to allow a very early beginning of calcitization. A
characteristic of a fibrous ultrastructure, on the other hand, is a relatively early and strong
amalgamation of the individual fibres. Here, the fibrous mineral units can form large clusters
of slightly distorted fibres that also adapted one crystallographic orientation. A nacreous
ultrastructure, however, presents a very strong resistance to overprint. Amalgamation in a
nacreous ultrastructure is characterized by the adaptation of the crystallographic orientation of
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neighbouring nacre tablets, while the individual nacre tablets tend to retain their characteristic

shape. Calcitization intrudes a nacreous ultrastructure at a very late stage.

The chemical composition of the alteration fluid stands in complex interrelation with the
mineralogy of the material. Density, stability, and inhibitors are factors within this division that
determine the dissolution and reprecipitation patterns. The evaluation of the results from the
series of hydrothermal alteration experiments, where the effects of a burial alteration fluid was
compared to the effects of a marine alteration fluid, shows that the usage of a burial alteration
fluid leads to an earlier onset of the various stages of overprint, especially the nucleation of
secondary calcite (see figure 5.4 above). The marine alteration fluid, on the other hand, presents

a more aggressive dissolution pattern on the material (see figure 4.1.6.f and o above).

These very detailed findings are an invaluable guidance for the interpretation of the findings
within a diagenetically overprinted fossil and allow a very accurate and comprehensive
understanding of the state of preservation of the material at hand. Because, when choosing fossil
material for the utilization in palacoenvironmental reconstructions, its aptitude for this
application has to be established. As described in chapter 1, during its long dwell time after
death (for some of this work’s materials that was hundreds of millions of years) the material
experienced many alterations that affected the primary signatures of the period of its life. If
signs of overprint are found in the strata of the fossil’s origin, a detailed analysis of the fossil
material is necessary in order to assess the level and characteristic of overprint and, as a result,
the suitability of the fossil for its purpose. This work shows that the application of EBSD
analysis is a very comprehensive and detailed method to determine the usability of the material.
It enables an analysis of details such as porosity, amalgamation, fracturing, and calcitization,
which allows the determination of the type and strength of overprint. The meaning of my results
is unique for each specimen, because it considers a multitude of factors and unfolds its ultimate
value only in conjunction with further investigations in the approach for palacoenvironmental

reconstruction, as applied by my CHARON colleagues.
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7 Outlook
Although this research together with the work of co-workers from the CHARON project

provide a wide base of alteration experiments, additional experimental series would be hugely
beneficial. An additional information pool with variation of the external impact factors would
allow a more in-depth analysis of the kind and strength of the influence the individual factors
bring about the material. The existing data shows that the most important factors would be the
alteration fluid chemistry, duration of the experiments, and ultrastructure. Hydrothermal
alteration experiments that also present a pressure environment, for example, could be hugely
beneficial to create a laboratory environment that is even more similar to the natural conditions

during diagenesis.

A different detail that is very worth investigating more in depth is the organic content and the
thereto relating porosity. As the analyses herein show, these are crucial factors when it comes
to the strength of overprint. Numerical measurements on these details set into context with the
results of an alteration series would allow a more thorough understanding of the effect and
importance of the organic content, and the primary and secondary porosity during diagenetic

overprint.

Another variation of the experimental setup that could further assimilate the conditions of the
laboratory experiments to the ones present in natural diagenesis is adding a percolation of the
alteration fluid through pressuring it through the sample material. In nature, when a tectonic
plate is being subducted the fluids would be pressed towards the earth’s surface, adding a
heightened percolation of the fluid through the open pore system of the material. Another
doctoral student of the CHARON project, Dr. Dongmei Yu from the Ruhr-University in
Bochum, carried out such an experimental setup on a small scale and the results proved a much
higher rate of secondary calcite formation. An alteration series with this experimental setup
could lead to a higher comparability of the laboratory experiments and the natural material.
Additionally, through the heightened effects, the differences of the alteration fluids (burial,

meteoric, and marine) could be discerned easier and clearer.

Although EBSD analysis has proven to cover all the important niches to decipher the processes
of diagenetic overprint, and the addition of XRD as well as AFM analysis added some crucial
details, the application of TEM measurements could be a valuable complement. TEM is a
frequent method applied in the field of diagenesis for it is able to simultaneously identify a

mineral while revealing crystal defects. These defects are known to be the primary site for
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recrystallization processes (Frisia-Bruni and Wenk 1985), so a look into this detail could yield

interesting information.
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