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Abstract

This dissertation addresses the effects of early diagenetic processes on vertebrate bone's

organic and inorganic constituents in an aquatic environment.

For this purpose, in vitro alteration experiments were performed on compact long bone
material from a modern ostrich, as only recent bone allows before-and-after comparison in
the context of diagenetic studies. The controlled experiments were performed on 3.5 mm-
sized cylindrical cortical bone (CB) samples immersed in different aqueous solutions under
simulated early diagenetic conditions. The variable parameters of the experiments were (1)
temperature, (2) experimental duration, and (3) solution composition. Experiments were
conducted at 30, 60, and 90 °C for up to 30 days in seawater (SW) and two different
freshwater (FW) solutions with additional artificial sediment added to one of the freshwater
solutions (FWS). After completion of the in vitro experiments, the bone samples and the
corresponding experimental solutions were analyzed using state-of-the-art analytical
methods: micro-computed tomography (UCT), electron microprobe analyzer (EMPA),
nanoscale secondary ion mass spectrometry (nanoSIMS), atom probe tomography (APT),
inductively coupled plasma-mass spectrometry (ICP-MS), Raman spectroscopy, and

isotope ratio infrared spectrometry (IR1S).

In the first part of the present work, uCT was used to perform a detailed quantitative and
qualitative characterization of the bone samples in 3D before and after the experiments. The
results showed that the internal bone structure was barely changed under the different
conditions. Only the samples from the FW experiments showed an increased weight loss
with increasing experiment duration. Here, the loss of collagen rather than the dissolution
of the mineral phase is assumed to be the causative factor since neither an increase in bone
porosity nor an increase in calcium and phosphorus concentrations in the solution was
observed. Furthermore, a bright reaction rim (RR) was detected by pCT in the same FW
samples. Based on these data, chemical and mineralogical analyses were performed,
described in the second part of this dissertation. Here, it was shown that the RR is caused
by enrichment with heavy elements, which was already measurable shortly after the
beginning of the experiments. Lighter elements were not only concentrated in the RR but
also distributed into the bone through the cortical canals. However, the processes leading to
the accumulation of elements in the CB are not purely diffusive as previously assumed but

rather involve transport and reaction processes. In addition, new apatite was formed at least



in the RR of the bone samples, which is chemically and mineralogically different from the
original bioapatite. In the experiments presented in the third part of this dissertation, the FW
and SW solutions enriched with the isotope 80 and the FWS solution with additional
sediment containing calcium hydrogen phosphate labeled with 30 were used to assess the
growth of new apatite. This revealed that new fluorapatite was formed only in the bone
samples that were in contact with sediment and not in those samples that were only in

contact with an 80-enriched solution without an external phosphate source.

Based on the present work results, it was possible to derive a detailed phenomenological
model describing the interactions between bone and aqueous solutions in an early diagenetic

setting.
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Je mehr der Mensch versucht,
gottliche Geheimnisse zu erforschen,
desto mehr ist er dabei auf teuflische

‘

Erfindungen angewiesen. *

— Markus Weidmann






1 Introduction

The fossil record reflects the known history of life on Earth and comprises the remains of
plants, bacteria, fungi, and animals preserved directly (body fossils) or indirectly (trace
fossils) over geological time scales. When our planet formed about 4.55 billion years (Ga)
ago (Tera, 1980; Dalrymple, 2001), it did not take long - from a geological time scale
perspective - for the first life to evolve in the Archean (Fig. 1.1): the first, albeit indirect,
evidence for life in the form of small hematite tube and filament trace fossils was found in
3.77 Ga-old hydrothermal vent precipitates from the ancient seafloor (Dodd et al., 2017).
However, the earliest direct evidence for life, in the form of a microbial body fossil, was
found in a 3.47 Ga-old Apex chert rock from Western Australia (Schopf et al., 2018).

2 Ma:
c. 230-66 Ma: First Hominins ‘_1550 Ma:
Non-avian dinosaurs \ Formation of the Earth
Hominins
Mammals
c. 380 Ma: / Landplants
First vertebrate land animals Animals 4527 Ma:
:::::::::r e Formation of the Moon
c. 540 Ma: Prokaryotes —

Cambrian explosion

c. 650-635 Ma:
Marinoan Glaciation

c. 4000 Ma: End of the
Late Heavy Bombardement;

first life
c. 716-660 Ma:
Sturtian Glaciation
(Snowball Earth event)
c. 3200 Ma:
Earliest start
of photosynthesis

c. 2300 Ma: First major increase in atmospheric oxygen levels;
first Snowball Earth event (Huronian Glaciation)

Figure 1.1 | The geological clock represents the Earth’s history from its formation until now. The clock is
subdivided into the Eons Hadean, Archean, Proterozoic, and Phanerozoic, with the latter subdivided into the
Eras Paleozoic, Mesozoic, and Cenozoic. One hour on this clock stands for approximately 375 Ma. Ga = Giga
years (billions of years), Ma =mega years (millions of years). Derivative work: Hardwigg, Public domain, via
Wikimedia Commons.
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Organisms with mineralized tissues, such as vertebrates (Chordata: Craniota), which yield
many iconic body fossils, appear much later in the fossil record during the Phanerozoic (Fig.
1.1). The earliest jawed vertebrates (Craniota: Gnathostomata) are dated to the Early
Silurian (Brazeau & Friedman, 2014), and the earliest tetrapod (Gnathostomata: Tetrapoda)
body fossils to the Late Devonian (Daeschler et al., 2006). Despite their relatively late
occurrence, fossilized skeletal tissues are an essential cornerstone of the fossil record, as
they allow clarifying evolutionary hypotheses and reconstructions of past environmental
and living conditions. Any evidence of life older than = 10,000 a is considered a fossil, the
age of fossilized bones thus ranges from about 10,000 a to more than 400 million years
(Ma). Consequently, even the youngest fossil bones must have been exposed to changing
external conditions over at least thousands of years, which is sure to have modified the
bones’ original structure and composition (e.g., Keenan, 2016; Dauphin, 2022). These so-
called diagenetic alteration processes set in post mortem as soon as an organism dies and
lead to the loss or even destruction of information on the macroscopic down to the molecular
or atomic scale. Therefore, the fossilization process limits our understanding of the past.
While the discovery of fossils makes our knowledge of the past richer, it is crucial to
understand the fossilization process in detail in order to put these objects into a scientific

perspective.

1.1 Bone structure and composition

Bone is a complex, hierarchically ordered nanocomposite material (Vellet-Regi &
Navarrete, 2016; Reznikov et al., 2018; Talal et al., 2020; Buss et al., 2022), which can be
divided into an outer cortical (or compact) and inner trabecular (or spongy/cancellous)
compartment covered by the periosteum (Fig. 1.2). This study focuses on the cortical bone
(CB), representing the most frequently encountered type of fossil bone. CB is hierarchically
organized on different scales (Currey, 2011; Currey & Shahar, 2013; Reznikov et al., 2014a,
b; Liu et al., 2016; Doineau et al., 2021), with osteons forming the largest constituent units
(Fig. 1.2). Osteons consist of osteonal bone, i.e., concentric layers of lamellar bone with
osteocyte lacunae, whereby the latter is connected via canaliculi. Osteonal bone surrounds
the so-called Haversian canals, which in vivo host blood vessels and nerves (Fig. 1.2).
Haversian canals, in turn, are interconnected via Volksmann’s canals that are oriented
transversely and in living bone tissue contain additional blood vessels for nutrition.

Although CB is permeated by a complex microstructural canal network, its porosity ranges,
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depending on the given vertebrate, from only 2 to 5 % (Cooper et al., 2016; Kral et al., 2021,
chapter 2). The remaining 95 to 98 % are bone mass, which consists of a mineralized
extracellular matrix (Reznikov et al., 2016) comprised of an organic (20-25 wt.%) and an

inorganic phase (60-65 wt.%) as well as ca. 10 wt.% of water (Rogers & Zioupos, 1999).

Whole bone Tissue structure Microstructure Nanostructure

Mineralized fibrils
Osteon (Haversian system) NS

A A 8
e i 2

Hydroxylapatite

Collagen triple helix

i

- Blood vessels Twisted lamellae

Collagen fibrils

Trabecular Haversian Collagen fiber

(osteonic) canal
Collagen molecules

Cortical bone
Hydroxylapatite crystals
Osteocyte lacuna

Cement line

Figure 1.2 | lllustration of the hierarchical organization of CB. The four structural levels are (1) the whole bone
or macroscopic level, (2) the bone tissue or mesoscopic level, (3) the microstructural, and (4) the nanostructural
level (modified after Sadat-Shojai et al., 2013).

The inorganic fraction consists of biogenic hydroxylapatite (HAp), also termed bioapatite
(Fig. 1.2), which is a nanocrystalline, carbonated calcium phosphate apatite (LeGeros et al.,
1969, 1984; Combes et al., 2016). Its chemical formula was proposed to be Caio x[(POa4)s-
x(CO3)x] (OH)2x-/CO3 nH0O (Wopenka & Pasteris, 2005; Pasteris et al., 2014), where n
~1.5 and x ranges between about 0.4 and 1.0. Carbonate can substitute for either the
phopshate (B-type substitution) or the hydroxyl (A-type substitution) group in bioapatite
(Tonegawa et al., 2010; Madupalli et al., 2017). In fossil bone, the hydroxyl group is usually
replaced by fluorine (e.g., Pasteris & Ding, 2009; Qiao et al., 2017). Calcium in the bone
apatite structure can partially be substituted by many mono-, di- or trivalent metals, such as
magnesium, zinc, strontium, sodium, or rare earth elements (REES) (e.g., Pan & Fleet, 2002;
Boanini et al., 2010). The organic phase primarily consists of mineralized type-I collagen
fibers comprised of bundled collagen triple helices whose framework is reinforced by in
vivo precipitated bioapatite nano-crystallites (Fig. 1.2) (Shoulders & Raines, 2010;
Reznikov et al., 2013, 2015). However, the organic phase also contains a few non-
collagenous proteins such as osteocalcin, osteonectin, and osteocytes, i.e., bone cells that

maintain metabolism (Kini & Nandeesh, 2012).
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Thus, bone is a living, mineralized hard tissue and is considered a highly specialized
endocrine organ (Guntur & Rosen, 2012; Morgan et al., 2013). The primary bone functions
are - besides acting as a supporting (biomechanical) framework for the entire body - to
regulate calcium homeostasis, i.e., control of the amount of calcium in the blood (Rigo et
al., 2012) as well as hematopoiesis, i.e., the formation of blood cells and blood plasma
(Sommerfeldt & Rubin, 2001). During a vertebrate’s lifetime, its bone tissues are
continuously replaced during the so-called bone remodeling cycle (Fig. 1.3) (Parfitt, 1994;
Kenkre & Bassett, 2018 and references therein). This cycle lasts for about 120 or 200 days

in cortical and trabecular bone, respectively (Agerbaek et al., 1991).

Osteocytes

Activation
of osteoclasts

Resting Phase
Prolonged resting period before

Osteoblasts new bone remodeling

{ v ) {
- " 4
Formation Phase Resorption Phase
Osteoblast progenitors form osteoid matrix Osteoclasts on the bone surface become
to complete the mineralization of the bone activated and resorb bone matrix

Osteoblasts precursors

Reversal Phase
An osteogenic environment is prepared by mononuclear
cells to allow maximum osteoblast adherence

Figure 1.3 | Schematic illustration of the five phases of the bone remodeling cycle. Bone remodeling constantly
occurs throughout the life of a vertebrate organism and ideally leads to repeated renewal of the entire skeletal
tissue (modified after Beck-Nielsen et al., 2021).

During the bone remodeling cycle, five steps occur repetitively in so-called basic
multicellular units (Frost, 1969; Smith et al., 2012): (1) the activation of osteoclast precursor
cells (Fig. 1.3-1) initiates (2) the osteoclastic resorption of the bone matrix (Fig. 1.3-2),
which is followed by (3) a reversal phase (Fig. 1.3-3). There is a lack of knowledge about
this particular phase, but it is probably an essential step for linking bone resorption to the
bone formation by creating an osteogenic environment at remodeling sites that improve

osteoblastic adherence. For new bone tissue to form inside this space, (4) osteoblasts enter
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the previously cleared resorption space, deposit a cement line surrounding it, and fill the
resorption space (Fig. 1.3-4). Finally, (5) the cycle is repeated after a resting phase (Fig.
1.3-5). All remodeled structures are called secondary osteons and are bordered by highly
mineralized cement lines. In contrast to primary osteons, only osteons formed initially by

cartilage mineralization are considered primary osteons (Martin & Burr, 1989).

In addition to the structural renewal of bone, its chemical composition is also altered during
the bone remodeling process. Throughout life, bones are permanently supplied with
nutrients, oxygen, and sometimes toxic elements via the bloodstream (Marenzana & Arnett,
2013). The bone remodeling cycle and bone remodeling-independent ion exchange
processes between bone and blood (Kelly & Bassingthwaighte, 1977; Marenzana et al.,
2005; Wang et al., 2020) lead to the incorporation of these elements. For instance, bone
tissue can incorporate poisonous “bone-seeking” elements to avoid their accumulation in
soft tissues (O’Flaherty, 1991a, b; Bahia et al., 2020), e.g., strontium (Dow & Stanbury,
1960; Dahl et al., 2001; Marx et al., 2020), lead (Barry, 1975; O’Flaherty, 1991c, 1993,
1995), or uranium (Rowland & Farnham, 1969; Lariviere et al., 2013; Wang et al., 2020).
This is possible because bioapatite is a highly reactive phase with a flexible crystal lattice
for chemical substitution (Ressler et al., 2021). Therefore, while bone must be considered
the body’s “trash can”, it is also a valuable source of information as bone continuously
adopts the blood’s actual chemical and isotopic compositions, which in turn strongly
depends on and reflects the isotopic and chemical composition of the organism’s ingested
food (e.g., Toots & Voorhies, 1965; Schweizer et al., 2007; Barrios-de Pedro et al., 2020),
water (Longinelli, 1984; Kohn, 1996), as well as the air it is breathing (e.g., Gehler et al.,
2011; Pack et al., 2013; Feng et al., 2022). Consequently, the bone’s chemical and isotopic
composition is representative for an average of the surrounding environmental conditions
over a longer interval of time (Erel et al., 2021; Sykut et al., 2021). Thus, if the surrounding
physical and chemical environment changes during the lifetime of an organism, this
information will be recorded in the bioapatite’s chemical and isotopic composition.

Unfortunately, during fossilization, such information will not necessarily be preserved.

1.2 Bone as a source of information

Fossilized skeletal tissues are presumably the most abundant preserved physical evidence

of life in a land before time. With chemical and isotopic information stored ante and post
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mortem, these signatures have become important tools for reconstructing the life history and
living conditions of vertebrates, as well as for reconstructing their post mortem history (Fig.
1.4). The following paragraphs provide a brief overview of the information stored in bone

ante and post mortem.

Climate + Body temperature Diet
60 k0 [6"°0co] [12C80604c. [5%C] Diet
Diet Dating Migration
(PO, [Cos]  [3%c| ["N] [Mc| [5%s]
Ca;o(PO,)g (OH), + Collagen
[Nd| [sr| [ U [~{=uzy
Biomineralisation \ ’23°Th/ 234U‘
Diet Nd/*“Nd| [Sy/*St|  pating
Diagenesis Migration
Taphonomy

Figure 1.4 | Schematic sketch of a bone with information obtained from the apatite mineral phase and bone
collagen (modified from Titken & Vennemann, 2011). Note that calcium can be replaced by several elements
such as neodymium, lutetium, strontium, and uranium.

The traditional stable isotopes of carbon and nitrogen were the first used for reconstructing
dietary behavior and trophic levels in fossil species (Fig. 1.4). They were predominantly
used to differentiate between carnivores, insectivores, omnivores, and herbivores (DeNiro
& Epstein, 1978; DeNiro & Epstein, 1981; Caut et al., 2008; Krajcarz et al., 2018; Leichliter
et al., 2020). For instance, isotopic analysis using 8*C and §*°N values showed that the
primary protein source of European Neanderthals were large terrestrial herbivores such as
horses, bovids, mammoth, and woolly rhinoceros (Richards et al., 2000, 2008; Bocherens
et al., 2005; Richards & Trinkaus, 2009; Bocherens, 2009; Jaouen et al., 2019; WiRing et
al., 2019; Drucker et al., 2021; Hardy et al., 2022). However, technical and methodological
advances in mass spectrometry established non-traditional stable isotope ratios as new
dietary indicators (Martin et al., 2017; Tacail et al., 2020), in particular, calcium (5*Ca:
Heuser et al., 2011; Reynard et al., 2011; Dodat et al., 2021), magnesium (§2°Mg: Martin et
al., 2014, 2015; Nitzsche et al., 2020), and zinc (8°®Zn: Jaouen et al., 2016a, b; Bourgon et
al., 2020).
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Furthermore, information about past climatic conditions is stored in the phosphate (520p)
and carbonate (330c¢) oxygen isotope composition in fossil vertebrate bone (Fig. 1.4) (e.g.,
Gehler et al., 2012; Wierzbowski, 2021 and references therein) as this composition reflects
the oxygen isotope signature of meteoric water (5'¥0w) (8%0p: Longinelli et al., 1973;
Longinelli, 1984; Fricke & O’Neil, 1999; Luz & Barkan, 2010; Passey & Levin, 2021 and
references therein; §*80c: lacumin et al., 1996; Sponheimer & Lee-Thorp, 1999; Géhring et
al., 2018). The precipitation of biogenic apatite occurs in oxygen isotope composition
equilibrium with body fluids, which are mainly characterized by the oxygen isotope
signature of the ingested water and food (Kolodny et al., 1983; Luz & Kolodny, 1985; Amiot
et al., 2017; Green et al., 2018; Fraser et al., 2021). Thus, variations in the precipitation
temperature of biogenic phosphate are recorded in the 3'Op signature and permit
reconstructing the mean annual air temperature during the final years of an animal’s
lifetime. A box model was developed by Langlois & Lécuyer (2003) that allows determining
surrounding environmental (e.g., air temperature, relative humidity) and physiological (e.qg.,
body mass, diet) parameters of a fossil vertebrate based on 520p signatures. In addition,
5180p and the clumped isotope composition of the structurally bound CO3 3C-'20 isotopic
composition (Fig. 1.4) provides information about thermophysiology, i.e., the mean body
temperature (5%0p: e.g., Kolodny et al., 1996; Bernard et al., 2010; CO3 3C-*0: Eagle et
al., 2010, 2011, 2015; Suarez & Passey, 2014; Dawson et al., 2020). Further, oxygen
isotopes in skeletal bioapatite can also be used for assessing the diagenetic alteration of
bioapatite (e.g., offset between §'80p and 5!80c: lacumin et al., 1996; Pellegrini et al., 2011;

triple oxygen isotope composition of §*80p: Gehler et al., 2011).

Apart from reconstructing climatic conditions and dietary behavior, information on
geographic location and migration behavior is also essential for reconstructing life on Earth.
Strontium isotopes (37Sr/%Sr) in bones or teeth (Fig. 1.4) serve as a geochemical fingerprint
for the geographic area (overview in Bentley, 2006), which is also a helpful tool for studying
the migration of individuals or even entire populations. In addition, using this approach,
local and non-local traces in diet or burial patterns can be differentiated (Copeland et al.,
2008; Maurer et al., 2012; Lugli et al., 2017; Burton & Katzenberg, 2018; Weber et al.,
2020; Tutken et al., 2020). More specifically, the Sr/%®Sr in bone and tooth mimics the
ratios of ingested food and water, thus reflecting the local geological terrain inhabited during
tissue formation. However, after crown mineralization, the 8’Sr/Sr in mammalian tooth
enamel does not change over time; 8’Sr/%Sr is, therefore, representative of the bioavailable
Sr ingested during childhood. In contrast, the bone remodeling cycle mentioned above leads
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to a continuously evolving 8’Sr/%Sr in a given bone. Bone &’Sr/2®Sr values thus reflect the
last ontogenetic year and provide insights into the individual’s place of death. For example,
bone and tooth 87Sr/®Sr data recently revealed that the mobility among the ancient Maya in
Mesoamerica was not restricted to their homeland and cultural boundaries. Instead, the
range of their trading networks and resource acquisition extended much further. In addition,
isotopic evidence was found that non-Mayan people were also part of their community
(Miller Wolf & Freiwald, 2018).

However, post mortem, all biological processes inside the body suddenly cease, and bone is
no longer in equilibrium with the body fluids shortly after. In the following, bone is
continuously modified to reach equilibrium with the site-specific physicochemical
conditions, significantly affecting its chemical and isotopic composition. For instance,
extant bones contain only very low REE concentrations, while fossil bone can contain REE
concentrations of up to several thousand ppm (Reynard et al., 1999; Lécuyer et al., 2003).
Thus, it is generally assumed that REE uptake in bone occurs predominantly post mortem
(Wang et al., 2020); therefore, they constitute an excellent measure of the post mortem
interaction between bone and diagenetic fluids (e.g., Trueman, 1999). Concentration
profiles of REEs and their spatial distribution in bone have great potential for revealing
information about diagenetic conditions as well as taphonomy and fossilization history (Fig.
1.4) (Trueman & Benton, 1997; Thomas et al., 2007, 2011; Tutken, 2003, 2014; Titken et
al., 2008; Suarez et al., 2010; Herwartz et al., 2013a; McCormack et al., 2015; Decreée et al.,
2018). Uranium and vanadium are suggested as proxies to determine whether the inorganic
phase in fossil bone is diagenetically altered (Fig. 1.4) because these elements are not
incorporated in significant amounts in vivo (Grimstead et al., 2018). Furthermore, it has
recently been shown that REE concentration profiles in fossil bones are a suitable proxy for

assessing the degree of soft tissue and biomolecular preservation (Ullmann et al., 2020).

Finally, determining the age of a given fossil is essential for a correct chronological
classification of these objects in the fossil record. Fossils younger than 50,000 a can be dated
using radiocarbon (**C) dating (Fig. 1.4) if sufficient organic material is preserved and/or if
the COs group is still intact (Taylor, 1992, 2000; Zazzo & Saliege, 2011; Zazzo et al., 2012;
van der Plicht & Palstra, 2016; Willoughby, 2016; Cersoy et al., 2017). However, due to the
short half-life (ca. 5,700 a) of the radiogenic carbon isotope *4C, this method is not suitable
for fossils older than 50,000 a. Interestingly, incorporating other natural radiogenic elements
present during early diagenesis enables the direct dating of older fossil remains (Fig. 1.4)

(Gruin, 2006; Grin et al., 2010 and references therein). For example, the age of fossils has
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been determined with different success using (1) uranium-series (Pike et al., 2002; Griin et
al., 2014; Farkh et al., 2015), (2) electron spin resonance (Griin, 2008; Joannes-Boyau,
2014; Richard et al., 2017), (3) lutetium-hafnium (Barfod et al., 2003; Kocsis et al., 2010;
Herwartz et al., 2013Db), (4) (uranium, thorium)-helium (Fanale & Schaeffer, 1965; Kramers
& Makhubela, 2022; Makhubela & Kramers, 2022), (5) uranium-thorium (Hellstorm &
Pickering, 2015; Dirks et al., 2017), as well as (6) uranium-lead (Romer, 2001; Balter et al.,
2008; Tomaschek et al., 2008) dating.

1.3 Diagenetic bone alteration

In general, reconstructions of past conditions of vertebrates are primarily based on their
bone (and tooth) apatite and collagen's chemical and isotopic compositions. However, these
two main phases that constitute bone are subject to diagenetic alteration during bone
taphonomy and fossilization. The term taphonomy encompasses all biological and
physicochemical processes initiated after death until the organism’s decomposition or
preservation and finally its discovery as a fossil. All post mortem processes that lead to post-
depositional physicochemical changes are grouped under diagenesis (Lyman, 2010).
However, this definition is not uniform and may differ slightly depending on the scientific
field. Regardless of the definition, all of these processes lead to post mortem modifications
of the in vivo incorporated major and trace elemental as well as isotopic compositions in
bone (Tltken & Vennemann, 2011; Kohn et al., 1999, 2013). Therefore, it is paramount to
identify and understand the processes occurring during fossilization and their effects on the
original organic and inorganic fractions of bone to reconstruct the past ecology of

vertebrates.

In the following, a brief introduction to the current knowledge on fossilization is provided,
focusing on early diagenetic bone alteration (please see the overviews in Hedges, 2002;
Trueman & Martill, 2002; Keenan, 2016, 2021; Dauphin, 2022 for a more detailed
description). Fossilization is the transition from a once-extant organism to a fossil specimen
(Fig. 1.5), beginning with (1) the organism’s death and subsequent decay of its soft tissues.
During and after (2) the deposition of the hard tissues (soft tissue is rarely preserved), (3)
recrystallization and permineralization processes lead to the preservation of these hard

tissues. Erosion and weathering can eventually lead to (4) the exposure of the fossil and its
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potential discovery, but also to its destruction (Forbes, 2014). However, an unquantifiable

number of fossils will probably never be discovered.

1. Death and decay

2. Deposition 3. Recrystallization and
permineralization

(4. Uncovering
and discovering)

Figure 1.5 | lllustration of the three main steps of fossil formation under perfect conditions until the fossil is
discovered. (image courtesy Becky Barnes).

Ante mortem, bone is in relative equilibrium with the body fluids through homeostasis.
However, post mortem, after the decay of the soft tissues, the skeletal tissues come into
contact with the surrounding natural environment. From this point on, the bone tissue is
usually no longer stable and undergoes various structural and compositional modifications
before, during, and after burial, leading to its preservation or decomposition (Miller, 1992;
Denys, 2002; Kendall et al., 2018). Soft tissue, such as muscle or dermis, is the first to break
down, primarily due to biostratinomic processes (Grupe & Harbeck, 2015). This alteration
ultimately leads to the exposure of hard tissue to the environment, which initializes the biotic
and abiotic alteration of bone. These steps, also called bone diagenesis, can be divided into
an early and a late phase (Pfretzschner, 2004). At the beginning of the early diagenetic stage
(Fig. 1.6), microbial activity, i.e., bioerosion (Jans, 2008; Turner-Walker, 2012; Kendall et
al., 2018) and chemical hydrolysis of collagen set in, both resulting in an increased porosity
of bone tissue (e.g., Collins et al., 1995, 2002; Nielsen-Marsh & Hedges, 2000; Truemann
& Tuross, 2002). Collagen degradation is critical for initial bone alteration because collagen
loss opens additional pathways for fluid penetration and exposes bioapatite crystallite
surfaces to ambient conditions, thus initiating the diagenesis of highly reactive nm-sized

bioapatite crystals (Fig. 1.6).
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There are only two options for the bone in this highly vulnerable state, both depending on
the environmental conditions: preservation or degradation. During this early stage of
diagenetic alteration, the bone’s thermodynamic stability is controlled by pH as well as the
composition of the ambient diagenetic fluid (Berna et al., 2004). Solutions with low pH and
low calcium and phosphate concentration facilitate dissolution, whereas fluids with neutral
to slightly alkaline pH and in equilibrium or supersaturated with respect to the bioapatite
mineral phase increase the chances of bone preservation (Berna et al., 2004). Another factor
controlling the chemical milieu is that bioerosion and chemical alteration of the organic
phase leads to an influx of collagen degradation products into the fluid circulating in the

bone’s canal network (Pfretzschner, 2004).

Collagen

lon substitution into the apatite
lattice

Fluid penetration Biotic and abiotic
through cortical
canals and pore
space

Initial modifications of
bioapatite (replacement
of Ca?*, OH-, PO,%)

Dissolution of bioapatite

Recrystallization

Apatite recrystallization and
replacement of collagen by
secondary minerals

Figure 1.6 | Schematic model of diagenetic bioapatite alteration starting with the intact mineral-collagen-
composite material, which gets decomposed first and opens pore spaces. Diagenetic solutions enter the bone
via cortical canals and newly created pore space initiating apatite recrystallization and the formation of
secondary authigenic minerals that fills inter-crystalline pore space and replaces collagen (modified after
Keenan, 2016).

Several processes have been identified to be responsible for the structural and chemical
changes (Fig 1.7) that constitute the prerequisite for bone preservation: (1) collagen

replacement and filling of cavities through precipitation of secondary minerals, including,
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e.g., fluorapatite, carbonate, and iron minerals (Wings, 2004) (Fig. 1.7A), (2) ion-exchange
between solution and bone apatite, e.g., adsorption of ions at surface sites of bioapatite
crystallites or diffusion (Fig. 1.7B; Millard & Hedges 1996; Berna et al., 2004; Kohn, 2008;
Trueman et al., 2008), and (3) dissolution-reprecipitation processes (Pasteris & Ding, 2009;
Hinz & Kohn, 2010), including so-called Ostwald ripening (Fig. 1.7C). During such fluid-
mineral interactions, larger and thermodynamically more stable apatite crystallites with
strongly varying compositions are formed (Goodwin et al., 2007). In general, during bone
recrystallization, the shape of the bone and its crystallites must not necessarily differ from
their original shape (Fig. 1.7D), i.e., pseudomorphs are formed (Kolodny et al., 1996;
Pasteris & Ding, 2009) - possibly by an interface-coupled dissolution-precipitation process
that recently has been proposed for several mineral replacement reactions (Putnis et al.,
2002; Putnis & Putnis, 2007; Ruiz-Agudo et al., 2014; Renard et al., 2019; Deng et al.,
2022).

0/ «
9 A4 O 1%
e
Growth Diffusion- Uncoupled Interface-coupled
controlled ion dissolution- dissolution-
50 nm exchange reprecipitation reprecipitation

Figure 1.7 | Schematic illustration of re-equilibration and apatite growth processes that may be active during
early diagenesis of bone apatite. White arrows indicate the direction of mass transport.

The transition from early to late diagenesis is marked by the complete replacement of
collagen with minerals, a change in the chemical milieu, and a slowdown of the alteration
processes (Pfretzschner, 2004). This late phase is characterized by the pH-dependent
precipitation of minerals in bone cavities (e.g., cracks or canals) rather than by rapid decay

or recrystallization processes.

The processes mentioned above occurring during early and late diagenesis illustrate that
bone undergoes complex post mortem modifications over time on a structural and

compositional level.
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1.4 A significant bias in the fossil record

A fundamental question that has troubled researchers from various disciplines for decades
is whether the fossil record accurately reflects the history of life on Earth. In fact, it is now
becoming increasingly clear that there is a significant bias in the fossil record. Whether an
extinct species is represented in the fossil record or not depends on multiple factors, such as
the period that a given species existed on Earth, the location it was native to, the number of
its individuals, or their physical characteristics (Plotnick et al., 2016). Furthermore, animals
with a mineralized endo- or exoskeleton are more likely to be fossilized than entirely soft-
bodied animals, as soft tissues usually decay relatively quickly during early diagenesis.
Interestingly, over 90 % of all discovered fossils inhabited one of the many marine habitats.
In contrast, terrestrial organisms are rarely fossilized, and if so, it is usually in aquatic
settings as the presence of water enhances fossilization. Therefore, it follows that particular
diagenetic conditions must prevail for organisms to fossilize, resulting in an unknown
number of species that so far do not and presumably will never appear in the fossil record.
In addition, the constant knowledge gain, as well as the advances made concerning technical
and analytical methods, have shown that mineralogical and chemical overprinting and
associated loss of chemical information must occur during the highly complex fossilization
process. Unfortunately, these circumstances render the reconstruction of the past a difficult
task. Nevertheless, far-reaching conclusions are often drawn based on information stored in
fossil bones and teeth. Admittedly, these fossil remains of vertebrates preserved in the
sedimentary record are frequently the only possible source of information. Consequently, in
order to correctly interpret and classify the preserved information, the limitations of the
fossil record must be identified and understood, which requires an in-depth understanding
of the process of fossilization. A large field of research focuses on this aspect, seeking to
understand how an organism fossilizes, what processes occur during fossilization, what
influence these processes may have on the organic and inorganic constituents of bone (or

tooth), and how reliable the standard paleo-proxies are.

Fossil vertebrate remains have been extensively studied using conventional histological and
analytical methods, resulting in a basic understanding of fossilization. However, in order to
unambiguously investigate early diagenetic processes and to determine the diagenetic
conditions required for fossilization, several comparative experimental and analytical
approaches have recently proven useful (e.g., Berna et al., 2004; Munro et al., 2007; Kohn
& Moses, 2013; Snoeck et al., 2015; Keenan & Engel, 2017; Aufort et al., 2019b; Géb et

33



al., 2020; Kral et al., 2021; chapter 2; Weber et al., 2021). The continuous development of
analytical methods offers multiple opportunities, including analyses at different length
scales. At the same time, high-throughput studies have become possible, effectively

broadening the spectrum of data used for conclusions.

Over the last decades, it has become increasingly popular to visualize the element and
isotope distribution in bones complemented by quantitative data (Simpson et al., 2021 and
references therein). Established tools for element mappings of bones are X-ray fluorescence
(XRF) techniques with and without a synchrotron radiation (SR) source (Gilfrich et al.,
1983; Smolek et al., 2010; Pemmer et al., 2013; Streli et al., 2019; Turyanskaya et al., 2021)
as well as laser-ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS)
(Konig et al., 2009; Hare et al., 2011; Rasmussen et al., 2020).

In a recently published study, p- and nano-XRF with spot sizes of 50 um x 50 um and 500
nm x 600 nm, respectively, were used to visualize the distribution of Mg, Y, and Zn in bones
(Streli et al., 2019). u-XRF usually allows for qualitative and semi-quantitative analysis of
medium- and high-Z elements, while vacuum conditions are required to detect low-Z
elements (Smolek et al., 2010), and an SR source is necessary to measure low concentrations
of elements, so-called ultra-trace elements (Gilfrich et al., 1983). SR-nano-XRF with a
resolution of ~ 500 nm appears to be a good tool for investigating small structures in bone
tissue, although this approach is restricted to tiny and thin samples. A combination of SR p-
XRF with a spatial resolution of 1 um per pixel with quantitative backscattered electron
imaging (gBEI) was successfully used to determine the distribution and accumulation of the
trace elements Zn, Pb, and Sr in human bone (Pemmer et al., 2013). In turn, using LA-1CP-
MS allows for producing quantified element distribution maps, first shown for REEs and U
with spot sizes varying from 5 - 300 um and a detection limit for REEs of approximately 1
ppm in Late Cretaceous bones (Koenig et al., 2009). A similar approach was used to
determine and quantify the distribution of %zn, &sr, 11Cd, and 2%Pb in tooth bioapatite
with a spatial resolution of 30 pm x 30 pum (Hare et al., 2011). Another approach to
determine the local element concentrations is to combine LA-ICP-MS measurements for
element mappings with solution ICP-MS to calibrate the data acquired by LA-ICP-MS
(Rasmussen et al., 2020). However, the low spatial resolution (i.e., in the um range) of most
of these methods (except for nano-XRF, which is, however, limited to tiny samples) is a
limitation for investigating the distribution and accumulation of isotopes, trace elements,
and REEs in fossil bones in high (i.e., sub-um) spatial resolution. As outlined above, bone

is a heterogeneous material with complex microarchitecture and histological features on the
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sub-micrometer scale (Fig. 1.2). Thus, to analyze trace elements individually as well as
isotope distribution (and composition), analytical techniques with a spatial resolution at the
nanometer scale are required. Atom probe tomography (APT) has previously been shown
to provide deep insights into the bone’s hierarchical structure and chemical composition at
the atomic level (Langelier et al., 2017), but only for nanometer-scale samples. A method
for investigating larger samples with high (i.e., sub-pum) resolution is nanoscale secondary
ion mass spectrometry (nanoSIMS). This technique was developed explicitly for (trace)
elemental and high-precision isotopic analysis with the highest spatial resolution of solid
samples. Although these properties make nanoSIMS a suitable method for the above-

mentioned bone analysis, it has not yet been used in bone research.

1.5 Focus and aims of the present thesis

This dissertation presents the results of a sub-project within the DFG Research Unit FOR
2685 "The Limits of the Fossil Record: Analytical and Experimental Approaches to
Fossilization", which addresses the fundamental question of the origin of fossils from
different perspectives and with different analytical approaches. In this context, the present
thesis investigates how early diagenetic processes affect the CB's inorganic and organic
components, thereby directly impacting its preservation or degradation potential. To this
end, controlled, isothermal aqueous alteration experiments were performed on CB samples
originating from a modern ostrich to shed light on the taphonomic processes occurring
during the first days to weeks post mortem. Different physicochemical parameters were
chosen to mimic conditions potentially encountered in an early diagenetic aquatic
depositional setting. A novel multi-method approach was pursued, which combined
qualitative and quantitative analytical techniques with comparatively low (UCT: 3 pm
isotropic voxel resolution), medium (EMPA: 0.5 - 1 um pixel size), and high resolution
(nanoSIMS: 50 - 150 nm pixel size, as well as APT: 0.1 - 0.3 nm resolution in depth and
0.3 - 0.5 nm laterally).

Large element mappings were obtained using EMPA to determine the element distribution
of the bone’s primary elemental components (i.e., phosphorus and calcium), whose
concentrations were above the quantification limit of the nanoSIMS system, as well as to
pre-select representative areas for nanoSIMS analysis. The high resolution of nanoSIMS

enabled displaying the distribution of isotopes in CB on a sub-micrometer scale, including
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small-sized histological features such as canaliculi (0.1 — 0.5 um diameter, Reilly et al.,
2001; You etal., 2004; Cardoso et al., 2013; Varga et al., 2015). An advantage of nanoSIMS
over other high-resolution techniques is the possibility of analyzing larger areas by
generating multiple mosaic images consisting of individual nanoSIMS maps combined with
the ability to distinguish different isotope species. These chemical maps were stitched
together, thus generating an element mapping comparable in size to EMP element
distribution maps but at a much higher spatial resolution. APT was used to gather
information in four dimensions (spatial distribution plus chemical composition) at the
atomic length scale. Confocal Raman spectroscopy was applied to investigate and quantify
modifications of the biogenic apatite crystal structure and the organic matrix. The approach
was complemented by using high-resolution ICP-MS and isotope ratio infrared
spectroscopy (IRIS) analysis for quantitative chemical and isotope analysis of the respective

experimental solutions.

The first part of the study focused on the microarchitecture of bone, which is of critical
importance in bone diagenesis by acting as the main pathway for the influx of fluids. The
microarchitecture is thus closely related to modifications of the bone’s structural
components. For this reason, the first study was designed to investigate and understand
whether structural and textural changes in the CB microarchitecture occur on a macro- to
mesoscopic scale already shortly after exposing the CB samples to different diagenetic
fluids at different temperatures. To this end, a comprehensive comparative uCT study was
performed to characterize each sample qualitatively and quantitatively before and after the

alteration experiments.

In the second part of this thesis, subsequent investigations of the CB samples and the
corresponding experimental solutions aimed to understand and quantify the chemical and
mineralogical changes on the micro- to nanometer-scale associated with the diagenetic
aqueous alteration. More specifically, the aim here was to understand the early
mineralization of bone and the mechanisms and kinetics of incorporating selected elements

from aquatic solutions into bone.

Finally, while it is common knowledge that bone gets mineralized during the fossilization
process, the origin of the material required for bone mineralization through the formation
of new apatite by uptake of calcium and phosphorus is still not yet fully understood. For
this reason, the experimental solutions were additionally doped with H,*30 to analyze if and

under what conditions bone can be mineralized with new hydroxylapatite from calcium and
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phosphorus derived from the solution. Finally, one in vitro bone alteration experiment was
performed with additional artificial sediment containing ‘O-labeled calcium hydrogen
phosphate to address the same issue with phosphate potentially available from the sediment
source. The results derived from these experiments are reported and discussed in the third
part of the thesis. A more detailed model of early bone diagenesis was developed as an

overarching aim.
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2.1 Summary

The following paragraphs summarize the article "Experimental aqueous alteration of
cortical bone microarchitecture analyzed by quantitative micro-computed tomography"”,
published in Frontiers in Earth Science in 2021. The original publication is attached in
section 2.2 Supplementary Material and can be accessed online at
https://doi.org/10.3389/feart.2021.609496. This first study presents comprehensive and

comparative in vitro bone taphonomy experiments of modern ostrich long bone samples.

Bones preserve chemical and isotopic information, which allows for reconstructing past life
and environmental conditions. However, the various complex processes of bone taphonomy
modify or even destroy this information. Thus, rendering a better understanding of the
significance of the data stored in fossil bones is a prerequisite for future analysis. Although
many alteration processes occur at the sub-micron level, it would first be essential to
determine the bone microarchitecture's resistance against diagenetic changes as the

microstructure controls the transport properties for mass transfer.

The present comparative study based on high-resolution X-ray micro-computed
tomography (UCT) constitutes the first quantitative and time-resolved three-dimensional
(3D) characterization of cortical bone (CB) experimentally altered under controlled
conditions. The experiments aimed at investigating the modifications of CB samples
resulting from aqueous alteration as a function of temperature, time, and composition.
Furthermore, the study aimed to examine whether diagenesis-induced changes occur on a

micrometer scale within a single month.

MCT is a non-invasive imaging technique applied here to characterize the microstructure of
the whole CB sample volume qualitatively and quantitatively in 3D. Commonly, 3D
quantitative uCT is involved in trabecular bone research, e.g., osteoporosis research, while
the quantitative analysis of CB using this technique is still in its infancy. However, in this
study, an evaluation method was developed that allowed trabecular bone parameters to be
used to quantify CB microstructure. Both the quantitative results and the 3D visualizations

proved significant in determining experimentally induced changes in CB microstructure.

For the experiments, cylindric CB samples (~3.4 mm in diameter and height) were exposed
to 2 mL of artificial aqueous solutions of different compositions: seawater (SW), freshwater
(FW), and 3 mL of sediment-bearing (0.5 g) freshwater (FWS) solutions. These solutions

covered the range of typical natural, near-surface water compositions as close as possible.
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The FW solution was enriched with U, Nd, Lu, and Sr, whereas the SW solution was only
enriched with Sr and Zn. The run duration of the unbuffered and isothermal experiments
varied between one and 30 days at 30, 60, and 90 °C. The first two temperatures reflect
typical burial temperatures, while the 90 °C experiments aimed to accelerate the alteration
processes. Experimental parameters were chosen to accelerate occurring processes and
determine the possible time and temperature dependences. Before each experiment, the
cylindrical CB samples were scanned using HCT to document the initial texture of the
sample. After the termination of the experiments, the same samples were examined again
by puCT so that experimentally induced changes could be quantified directly and be

associated with changes in the controlled parameters.

The two-dimensional (2D) and 3D visualizations were helpful in systematically identifying
the areas where mineralogical and chemical changes potentially occurred. The quantitative
results demonstrated that the CB microarchitecture was mainly resistant to aqueous
alteration and generally remained well-preserved on the macroscopic scale (= 3 um), even
under different experimental conditions. The most pronounced changes occurred in canals
with a diameter of less than = 10 um, while canals with diameters greater than 50 pm did
not experience notable changes. In addition, the response of CB microarchitecture to the
alteration experiments was relatively uniform, as the observed structural modifications were
not restricted to a specific area. However, differences in the extent of alteration were
observed depending on the composition of the experimental solution. CB samples in FW
experiments experienced the most significant modifications, SW experiments the least, and
FWS experiments behaved entirely different from the two other experimental series because
the solution was continuously brought back into equilibrium with the sediment during the
experiments, thus keeping the solution composition relatively constant. Furthermore, a
several micrometer-thick X-ray dense reaction rim that grew over reaction time was
detected in experiments with FW and FWS solutions but not in samples treated in the SW

solution.

Overall, it was observed that the solution composition had a more substantial impact on
textural and chemical changes observed in the samples than did temperature or time. The
results highlight the complexity of the interaction of different diagenetic factors. Based on
these findings, investigations regarding chemical and mineralogical changes occurring on
the sub-micron level during early bone diagenesis were carried out. These studies are

presented in chapters 3 and 4.
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3.1 Abstract

It is widely known that post mortem diagenetic alteration processes cause modifications and
overprinting of the chemical and isotopic proxies incorporated in vivo in bone apatite and
collagen. Understanding the processes occurring during the interaction between fluids and
bones in an early diagenetic setting is fundamental to determining the extent to which the
commonly-used geochemical proxies in bone get modified during fossilization. The present
study investigates the structural and chemical changes in bone induced by controlled in vitro
aqueous alteration experiments and derives a deeper phenomenological and quantitative
understanding of the transport and reaction processes that occur during the early stage of
fossilization. For this purpose, 3.5 mm-sized cylinders were drilled from modern ostrich
cortical bone and immersed in different experimental solutions enriched with tracers such
as Zn, Sr, rare earth elements, and U. The experiments ran for several hours to weeks at 30,
60, and 90 °C. Both the bone samples and the experimental solutions were analyzed using
micro-analytical techniques such as Raman spectroscopy, electron microprobe, high-
resolution inductively coupled plasma-mass spectrometry, and nanoscale ion microprobe to
assess mineralogical, chemical, and structural changes from the millimeter to the atomic
scale. The results show that element uptake into the bone sample occurs already within hours
after the samples have been exposed to an aqueous solution instead of years, as previously
assumed. Additionally, distinct modifications of the organic phase were observed,
accompanied by new apatite growth by dissolution-reprecipitation and recrystallization
processes. From these data, a phenomenological model is derived that explains the
interaction between bone and aqueous solutions during the earliest stages of fossilization.
This study also demonstrates the importance of using a comprehensive methodological
approach when investigating alteration processes whose effects range from the millimeter

down to the atomic scale.

3.2 Introduction

Investigating the uptake of major, trace, and rare earth elements (REES) in fossil bone during
diagenesis and the associated changes in its original chemical and isotopic composition
(Henderson et al., 1983, Williams et al., 1997) provides valuable information about post
mortem environmental conditions and processes (e.g., Wang & Cerling, 1994; Nielsen-
Marsh & Hedges; 2000, Trueman & Tuross, 2002; Pucéat et al., 2004; Trueman et al., 2008;
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Herwartz et al., 2013a; Reynard & Balter, 2014; Tacail et al., 2020). Bones are mineralized
tissues composed of meta-stable nano-crystalline bioapatite, collagenous proteins, and
water (Glimcher et al., 2006; Boskey & Robey, 2013; Grandfield et al., 2018; Reznikov et
al., 2018). Bioapatite, the main constituent of bone, is a calcium phosphate mineral (Caio-
x[(PO4)6-x(CO3)x] (OH)2-x-nH20, Pasteris et al., 2014) that can incorporate a large number
of elements and molecules. On the one hand, this property renders bioapatite a valuable
source of chemical and isotopic information for reconstructing, for example, ancient and
modern climate and living conditions (e.g., Longinelli, 1984; Hedges et al., 2004; Levin et
al., 2006), diet (e.g., DeNiro & Epstein, 1978, 1981; Schoeninger & DeNiro, 1984; Wang
& Cerling, 1994; Fogel & Tuross, 2003; Scott & Poulson, 2012; Jaouen et al., 2013; Davis
& Munoz, 2016; Bourgon et al., 2020), or provenance and migration patterns (e.g., Ericson,
1985; Hoppe et al., 1999; Beard and Johnson, 2000; Taylor et al., 2019; Guiry et al., 2020;
Kowalik et al., 2020; Monti et al., 2021). However, on the other hand, the same properties
and its nano-crystalline nature make bioapatite prone to post mortem diagenetic alteration
induced by changes in the physical and chemical environment. For example, pseudomorphic
replacement of bioapatite can lead to modifications and overprinting of the bone’s in vivo
chemical and isotopic composition, while the original morphology may still be preserved
(Kolodny et al., 1996; Pasteris & Ding, 2009). The ability to retain its fine-scale morphology
during a mineral replacement process was demonstrated, for instance, by an experimental
study by Kasioptas et al. (2010). They experimentally replaced the filigree, micrometer-
sized, chamber-like architecture of squid cuttlebone (Sepia officinalis Linnaeus, 1758),
made of aragonite, in aqueous solutions with hydroxyapatite (and a small amount of B-
tricalcium phosphate). Therefore, the need arises to differentiate between chemical and
isotopic information incorporated in vivo versus that information altered by post mortem
taphonomic processes. Post mortem modifications depend on the diagenetic environment
(e.g., Kohn et al., 1999; Collins et al., 2002; Hedges, 2002; Jahns, 2008; Karr & Outram,
2012; Matthiesen et al., 2021) but also on the susceptibility of individual elements for
diagenetic mobilization (Martin et al., 2017 and references therein). Thus, a thorough
understanding of how the chemical and isotopic composition of bones can be affected in
different diagenetic settings by the alteration processes already shortly after the death of the

individuum is essential.

A variety of studies have systematically investigated the effect of diagenesis on the chemical
and isotopic composition in bones and teeth (e.g., De Niro, 1985; Nelson et al., 1986; Zazzo
etal., 2004; Trueman et al., 2004; Sponheimer & Lee-Thorp, 2006; Fricke et al., 2008; Hinz
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& Kohn, 2010; Herwartz et al., 2011; Heuser et al., 2011; Tutken & Vennemann, 2011,
Titken et al., 2011; Trueman, 2013; Titken, 2014; Bourgon et al., 2020; Suarez & Kohn,
2020). Most of these studies focused on diagenetically altered archeological or fossilized
bones, while systematic alteration experiments using modern bones or teeth covering the
first days to years after death are scarce. Long-term burial experiments in wetland soils with
modern alligator bones performed by Keenan & Engel (2017) showed that compositional
alteration and distinct bioerosion were monitored already after one week. In mesocosm
experiments, microbial colonization was inhibited, and transformation from bioapatite to a
more stable apatite phase was observed already after one month. Kohn & Moses (2013)
conducted aqueous alteration experiments on bones to determine experimentally induced
diffusion coefficients at 20 °C for numerous trace elements, including Sr, Zn, U, and REEs.
This study showed that common charge-coupled element species limited the diffusion rate
in bone and lead to similarities in diffusion rates. Consequently, trace element profiles in
fossilized bone were unlikely to be caused by intra-bone volume diffusion as formerly
assumed, are presumably the result of recrystallization and transport limitations. Moreover,
aqueous alteration experiments, in which calcined bone and tooth enamel were exposed to
87Sr-doped solutions for one year, showed that the ability to incorporate Sr into the apatite
crystal lattice is considerably smaller for bones or teeth with high apatite crystallinity
(Snoeck et al., 2015). Another controlled alteration study with modern bone in aqueous NaF
solution at pH 9-10 for up to three weeks at maximum temperatures of 70 °C was performed
by Aufort et al. (2019a). The authors proposed a transformation mechanism that involves
the partial dissolution of bioapatite and reprecipitation of secondary apatite, which occurs
irrespective of the presence or absence of F, thus leading to the formation of carbonate-
bearing fluorapatite (FAp) and/or hydroxylapatite (HAp), respectively. Furthermore,
recently a comprehensive time-resolved aqueous alteration study on modern elephant tooth
pieces was performed under controlled conditions representing an extreme acidic early
diagenetic environment (Weber et al., 2021). This study showed that the Ca, Sr, Zn, and Mg
isotope compositions in dentine are strongly affected by diagenetic alteration. In contrast,
only the outermost 100-300 pum were affected by alteration in enamel, while the central part

of the mm-thick enamel remained unaltered.

Kral et al. (2021; chapter 2) used a similar experimental approach in an in vitro agueous
alteration study on modern ostrich cortical bone (CB) mimicking natural aquatic early
diagenetic conditions to study their effect on CB microarchitecture. The CB samples were

experimentally altered in fresh- and seawater-like solutions (FW and SW, respectively) at
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different temperatures (30 to 90 °C). This study showed that the CB microarchitecture
remained mainly resistant to aqueous alteration on a microscopic scale. However, in CB
samples altered in FW solutions, an unevenly distributed reaction rim (RR) was detected
within the outermost layer, demonstrating a strong influence of the solution chemistry on

the alteration.

The results of the present study expand on and complement the results obtained by Kral et
al. (2021; chapter 2) through analysis of the same altered cylindric bone samples using
various micro-analytical techniques. Micro-computed tomography (UCT) images of the
reacted CB samples were used to define the areas of interest (such as the RRs), which were
then further investigated by electron microprobe analysis (EMPA) chemical imaging,
which, in turn, delivered the basis for selecting samples and sample areas of interest for
nanoscale secondary ion mass spectrometry (nanoSIMS) element mapping at the sub-pm
resolution, which has so far not been applied to investigate modern or fossilized bone. These
bone tissue data were supplemented with quantitative analyses of the initial and final
solutions of the respective in vitro alteration experiments using high-resolution inductively
coupled plasma mass spectrometry (HR ICP-MS). In addition, confocal Raman
spectroscopy was used to investigate potential alteration effects on the organic and inorganic
components of the CB samples. Finally, atom probe tomography (APT) was applied to
visualize and quantify changes in element distribution in three dimensions (3D) from the
millimeter down to the atomic scale. With this approach, the study aimed to gain more
insights into the interaction between CB and aqueous fluids and derive a more detailed
phenomenological and quantitative understanding of the transport and reaction processes

active in the early stage of fossilization or bone degradation.

3.3 Materials and methods
3.3.1 Experimental setup

All experimental run products analyzed here originated from in vitro aqueous alteration
experiments of a recently conducted study to assess changes in bone microstructure (Kral
et al., 2021; chapter 2) — the reader is referred to this article for detailed information on the
CB samples and the experimental setup. Briefly, the cylindric CB samples (Fig. 3.1A) were
drilled (3.5 mm x 3.5 mm cores) from the bone cortex of a tibia from a modern ostrich

(Struthio camelus Linnaeus, 1758) and then exposed to three types of aqueous solutions by
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putting one CB sample and 2 mL of a solution into sealed 3 mL Teflon vials and letting
them react for up to 30 d at 30, 60, and 90 °C. The more elevated temperatures of 60 and 90
°C were applied to accelerate the reaction and transport processes (Dobberstein et al., 2009;
Abdel-Maksoud, 2010; Turner-Walker, 2011).

500 nm

high

Figure 3.1 | Methodological overview of chemical analysis of in vitro altered bone at different spatial scales. (A)
The cortex of the diaphyseal part of the analyzed modern ostrich tibia. (B) Cylindric CB drill core sample with
dashed lines indicating the cutting plane. (C) Representative mount with polished samples embedded in
Technovit© resin. (D) Representative UCT section illustrating the bright RR and the selected area for EMPA
and nanoSIMS. (E) Backscattered electron (BSE) image with the dashed lines marking the area chosen for
electron microprobe analyses (EMPA). (F) Color-coded EMPA images displaying the U distribution. (G)
Secondary electron (SE) image showing the localities of (H) a single nanoSIMS map and of (I) a mosaic image
consisting of 30 individual nanoSIMS maps, both display the spatial distribution of U. (J) SE image of the area
perpendicular to the sample’s edge that was selected for APT and covered with platinum. (K) Extraction of an
APT wedge that was later cut into five sections and (L) prepared in the form of a needle. The uniformly-scaled
Viridis palette was used for color-coding the images.
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Only CB samples derived from two of the three experimental series were further
investigated in the present study. These solutions had either a FW composition, isotopically
labeled with depleted U and enriched with Nd and Lu or a SW composition, enriched with
Zn only (see Table 3.1 for details). These two solutions were used as model analogs of the
most abundant types of aqueous solutions on Earth in which bones typically fossilize. The
elements of particular interest were B, F, Mg, P, Ca, Zn, Sr, Nd, Lu, and U, all commonly
used to reconstruct the paleoecology or taphonomy of vertebrates.

Table 3.1 | Element concentrations of freshwater (FW) and seawater (SW) stock solutions in ppm.

Cation/anion FW SW

B3+ 2.34 +0.06 3.15 +0.07
Na* 100.0+0.2 10,770 = 22
K 100.0+0.2 390.0+0.8
Ca?* 1,426 £ 15 5626

Cl 7752 19,350 = 39
Mg?* 122.0+1.4 859.2+1.7
F 5.00 £ 0.01 5.00 £ 0.01
Srz* 137.6 £0.9 140.1+1.9
Zn%* 9.6+05
Lu* 3.51+0.01

Nd3* 1.754 + 0.003

us* 16.0+0.2

The composition of the stock solution constituents B, Ca, Mg, Sr, Zn, Fe, Lu, Nd, and U [ppm = SD] was
determined using a Thermo Scientific Element XR. For the remaining constituents, the concentration was
calculated from the weight-in and is given in italic font [ppm £ 0.2 %]. The weighted substances contained in
both types of solution were B>Os, NaHCOs, NaF, KCI, CaClz, MgCl2, and SrCl2, while the FW solution solely
had FeClz, NdCls, LuCls, and UO2(NOs). and the SW solution NaCl, Na2S04, Ca(NOs)2, and ZnCl.

For instance: §2Mg (Martin et al., 2015), §**Ca (e.g., Heuser et al., 2011; Tacail et al.,
2020), 5%®Zn (e.g., Jaouen et al., 2016a, b; Bourgon et al., 2020) and 5%/%Sr (Knudson et
al., 2010; Lewis et al., 2017) have been used for the reconstruction of the trophic level and
food webs, while 8’Sr/®°Sr was used to determine habitat use and migration patterns (e.g.,
Hoppe et al., 1999). REE, here represented by Nd as a light REE and Lu as a heavy REE,
are important diagenetic proxies for the taphonomic setting and stratigraphic provenance
(Trueman et al., 2006) as well as for early diagenetic alteration of bone (Trueman et al.,

2004). Lutetium and the trace element U in fossil bones can both be used for radiometric
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dating using Lu-Hf (Kocsis et al., 2010; Herwartz et al., 2011), U-Th (Grin, 2006;
McGregor et al., 2011; Griin et al.,, 2014), or U-Pb isotope analysis (Romer, 2001;
Tomaschek et al., 2008; Ludwig et al., 2012). However, U-Pb only works with limited
success. Additionally, U enables differentiating diagenetically altered from unaltered areas
in bone (Grimstead et al., 2018). In bone health research, B has been of interest for decades,
as it positively influences the bone metabolism and, in particular, bone growth and strength
by preferentially binding to substances with hydroxyl groups like hydroxylapatite or the
biomolecule collagen | (Chapin et al., 1997; Nielsen, 2014; Dessordi & Navarro, 2017;
Rondanelli et al., 2020 and references therein). Finally, F plays an essential role in the
preservation of hard tissues during diagenesis by substituting the hydroxyl-ions in the
apatite lattice, thereby leading to greater stability (lower aqueous solubility) of the apatite
phase (e.g., Kolodny et al., 1996; Truemann & Tuross, 2002; Pasteris & Ding, 2009; Aufort
etal., 2019a).

3.3.2 Electron microprobe analysis

EMPA was performed using a JXA 8200 Superprobe (JEOL Ltd., Tokyo, Japan) with five
wavelength-dispersive spectrometers and an energy-dispersive X-ray, a backscatter, and a
cathodoluminescence detector. The polished sample mounts were coated with = 20 nm of
carbon. Suitable areas for analysis were selected based on uCT images acquired during
sample pre-characterization (Fig. 3.1D). X-ray backscattered electron (BSE) images (Fig.
3.1E) and qualitative element distribution images with a point-by-point step size of 1 pm
(Fig. 3.1F) were taken from an unaltered CB sample as well as from altered samples
representative for the different solutions and reaction temperatures. For each BSE image,
contrast and brightness were adjusted to achieve the maximum information about bone
density changes. Therefore, comparisons of the greyscale levels between the images are
only conditionally possible. The acceleration voltage was set to 15 keV at 15 nA beam
current. Peak and background counting times were 10 s for all elements except Na (5 s).
The Ka-lines were used for F, Na, Mg, P, Cl, Ca, and Zn analysis, whereas the Ma line was
used for U and the La line for Sr and the REEs Nd and Lu. The standards used for calibration
were magmatic fluorapatite for P and Ca, magnesium oxide for Mg, and natural uraninite
for U. Smithsonian microbeam references NMNH 133868 (anorthoclase; Jarosewich et al.,
1980) and NMNH 10065 (strontianite; Jarosewich & White, 1987) were used for Na and Sr
calibration, respectively. The REE orthophosphate NdPOs (USNM 168492) and LuPOg4

74



(USNM 168491) reference samples were used as standards for Nd and Lu quantification
(Jarosewich & Boatner, 1991; Donovan et al., 2003). The ZAF matrix corrections were
applied to correct peak intensities for backscattered electron loss, absorption, and secondary
fluorescence effects (Philibert & Tixier, 1968; Goldstein et al., 1992).

3.3.3 Nanoscale secondary ion mass spectrometry

The nanoSIMS 50L system (Cameca, Gennevilliers, France) was used for qualitative
elemental analysis. Mounts were coated with 10 nm of Au before analysis. Secondary
electron (SE) imaging was used to locate target areas (Fig. 3.1G), previously determined
using EMPA qualitative imaging. Before element mapping, fields of view between 45 pm
and 60 um edge length were pre-sputtered using a current of 1 nA for 10 min. The element
distribution maps obtained for B, F, Na, Mg, P, Ca, Zn, Sr, Nd, Lu, and U were displayed
either as single nanoSIMS maps - each 40 x 40 um? in size with 512 x 512 px in the sub-
pum scale (Fig. 3.1H) - or as mosaic image consisting of a series of single nanoSIMS maps
covering larger areas (Fig. 3.11). Mappings acquired using a Cs* primary ion beam were
located directly beside the previous maps scanned using an O ion beam to avoid charging
effects and potential oxygen contamination caused by the ion beam. For imaging, the
focused 16 keV Cs* primary ion beam with a lateral resolution of approximately 100 nm
rastered a defined surface area to generate the negative ions 1°0-, 180", 1F, 24C- (12C,), ®N-
(*2C'¥N), and *>CI", while the O™ primary ion beam with a lateral resolution of approximately
200 nm was used to generate the positive ions *B*, 2’Na*, >*Mg*, 3!P*, “°Ca*, ¢'zn"*, 8Sr*,
142Nd*, 15Lu*, and 228U0". Seven different ion species were simultaneously detected. An
electrostatic and a magnetic sector were used to collect and detect the secondary ions. The
O beam current was set to 50 pA, whereas the Cs™ beam current was set to 4-5 pA - the
eGun was used with the latter. Dwell times varied from 2.5 to 5 ms per pixel, and multiple
planes were recorded for each image. The obtained images were processed, and large mosaic
images were constructed using the software Fiji v1.53c with the plugins OpenMIMS
(http://nano.bwh.havard.edu) and NRRD Mosaics (https://github.com/BWHCNI/
OpenMIMS.wiki.git).

3.3.4 Atom probe tomography

Elemental and isotopic 3D compositional analyses were performed on the near-atomic scale
on three representative CB samples using a CAMECA LEAP 4000X HR APT. To extract
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small sample volumes, an area of 2 um x 20 um traversing the RR was sputtered with Pt
(Fig. 3.1J) using a TESCAN Lycra3 Ga* focused ion beam SEM (Rickard et al., 2020). The
sputtered area was cut to a rectangular prism and removed using the in situ lift-out technique
described by Thomson et al. (2007) (Fig. 3.1K). Each prism was cut into up to 10 segments,
with every segment being mounted on a post on pre-fabricated coupons and finally shaped
needle-like by the ion beam (Fig. 3.1L). Detailed information on data acquisition and image

reconstruction is provided elsewhere (Reddy et al., 2020).

3.3.5 Raman spectroscopy

Raman measurements were performed with a LabRam HR800 system (Horiba Scientific,
France) equipped with a BX41 microscope (Olympus America Inc., Center Valley, PA,
USA). Spectra were collected from CB samples (n = 6) treated for 30 d in FW and SW
solutions at 30, 60, or 90 °C. For excitation of Raman scattering, a 200-mW diode-pumped
solid-state laser (783.976 nm) was used, but only about 10 % laser power reached the sample
surface. The measurements were performed using a 100x objective with a numerical
aperture of 0.9 and a confocal hole of 1,000 um. Before collection using an electron-
multiplier charge-coupled device (CCD) detector, the scattered Raman light passed through
a 100 um spectrometer entrance slit and was dispersed by a 600 grooves/mm grating. With
these settings, the theoretical, diffraction-limited lateral and axial resolution was about 1 um
and less than 2 pm, respectively. At the beginning of each measurement session, the
spectrometer was calibrated with the first-order band of a pure silicon standard at 520.7 cm”
1. Additionally, to correct for shifts during long-term analysis, the 886.19 cm line of the
laboratory room’s ceiling light was used as an internal standard. The wavelength of this line
was determined beforehand using the 985.43 cm™ line of a neon lamp for which the
wavelength is precisely known (Saloman & Craig, 2006). From the width of both lines, a
spectral resolution of 1.94 + 0.02 cm™ was determined, which was used to correct the width
of the Raman bands for finite slit width effects (Tanabe & Hiraishi, 1980). The analyses
were performed along the sample’s edge in the frequency range of 150-2,000 cm™ with an
acquisition time of 20 s, two accumulations per spectrum, and a step size of 1 um. The area
covered by each analysis was slightly different depending on the individual sample
structure. 41 single analyses were performed parallel to each sample’s edge, while the
number of analyses perpendicular to the edge varied between 26 and 45. Due to the natural

heterogeneity of the CB samples and for direct comparison, spectra were also taken from
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multiple areas in the presumably unaltered center of each sample. From all spectra, the
parameters ‘full width at half maximum’ (FWHM) and the position of the vi(PO4) fully
symmetrical stretching band of apatite near 960 cm™ were extracted by least-squares fitting.
The v1(POs) band was fitted with an asymmetrical Gauss-Lorentz function to account for
an asymmetry towards the low-frequency side observed in some bone apatite spectra. The
procedure and reasoning have previously been described and discussed in more detail in
Barthel et al. (2020), Geisler & Menneken (2021), and Weber et al. (2021).

3.3.6 High-resolution inductively coupled plasma-mass spectrometry

Concentrations of B, Mg, P, Ca, Zn, Sr, Nd, Lu, and U were determined by multi-element
analyses of the experimental solutions using an Element 2/XR Sector Field ICP-MS system
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a dual-mode secondary
electron multiplier (counting and analog mode) combined with a Faraday detector. The three
different detection modes allowed for a linear detection range over several orders of
magnitude, which enabled analysis of the different experimental solutions with their
strongly varying chemical and isotopic concentrations ranging from a few thousand ppm
down to the ppt level. Every sequence started by rinsing the system using 2 % HNO3,
followed by a) measuring five 2 % HNO3 blank solutions, b) the calibration solutions (using
a 5-point linear calibration based on several dilutions of the multi-element standard solution
Merck Certipur V1), c) several certified reference materials (SPS-SW2, SLRS-6, TM-26.4)
which were used to validate the calibrations and finally d) the sample solutions. After every
tenth sample solution, a blank solution was analyzed for background correction. Before
measuring each new sample, the sample introduction system was rinsed with 2 % or 5 %-
HNO:s for at least 2 min or until an appropriate background level was reached. The mean (n
= 2), the standard deviation, and the relative standard deviation were calculated for each
sample. Furthermore, the detection limit was determined and used to correct the results,
which were also checked for plausibility. For analysis, aliquots were taken from all
experimental solutions (n = 30), the stock solutions (n = 2) and from the experimental blanks
(n = 3). Before diluting the experimental solutions, all aliquots were centrifuged for 10 min
at 13 rpm to ensure that potential suspended matter had settled. The final dilution factor was
determined via pre-scans and varied between 5-fold and 300,000-fold. 1 ppb of ®Rh was
added to all aliquots as an internal standard to correct short-term instrumental drifts. In

addition, potential long-term instrumental drift was also investigated and corrected if
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necessary. This was done by repeatedly analyzing the calibration solutions throughout the
analytical sequence. Details about the analyzed isotopes and the applied resolution modes
are given in Table 3.2. Measurements in medium resolution (MR) mode (mass resolution of
4,000) were generally conducted to avoid signal contributions from potential polyatomic
interfering species. Regarding elements (B, Mg, Zn, and Nd) that are often prone to
interfering species, the signal intensities of two different isotopes were recorded and
compared. In the case of Mg, Zn, and Nd, results of both signal intensities agree within
uncertainty, and the mean of both was used for evaluation. For B, however, only signal
intensities of 1°B were evaluated because B gave higher intensities throughout presumably
due to severe interference from 2Na2*, which was also present in the sample solutions. Lu,
for instance, was analyzed in low (LR) as well as in MR mode. Both results agreed within
uncertainty, but the LR signal intensities were used for further evaluation because of higher

precision and lower detection limits.

Table 3.2 | Overview of the analyzed isotopes and the applied mass resolution for the elements of interest (B,
Mg, Ca, Zn, Sr, Nd, Lu, and U).

Element Isotopes Mode
B lO,llB MR

Mg 25.26\g MR

P sip MR

Ca $Ca MR

Zn 66.687n MR

Sr gy LR

Nd 143,146Nd MR

Lu 5Ly MR, LR
U 238y LR

LR = low resolution, MR = medium resolution

3.4 Results
3.4.1 Textural alteration

BSE images revealed an intact microstructure in pristine CB samples with few microcracks
(MCs) in the interstitial bone and only slight differences in greyscale intensities. The
interstitial bone appeared slightly brighter than the osteonal bone (Fig. 3.2A) due to its

higher degree of bioapatite content and/or variations in nanoscale porosity. After the
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experiments, the intact CB was pervaded by experimentally induced MCs, which were
already observed after 1 d, irrespective of the applied temperature or solution composition
(Fig. 3.2B, C). The MCs were only partially visible in the uCT sections due to the lower
resolution of these scans (Fig. S3.1). The appearance of the MCs differed depending on the

orientation of the CB sample during cutting.

Figure 3.2 | Series of representative BSE images of cross-sections of CB. (A) pristine and (B - F) altered CB
samples. Altered CB samples showed experimentally induced MCs of (B) type 1 (1 d at 30 °C in SW), (C) type
2 (1 dat30°CinFW), and (D) type 3 (7 d at 90 °C in FW). See text for details. (E) CB sample without MCs
(30 d at 90 °C in FW). (F) CB sample with a pronounced RR (3 d at 30 °C in FW).

In samples cut perpendicular to the longitudinal growth direction, MCs appeared relatively
short in length (=10 to 200 um) and unconnected, and predominantly originated in the
interstitial bone without any preferential orientation (MC; in Fig. 3.2B). MCs were also
found within osteons, either entirely restricted to the osteon or connected with the interstitial
bone, whereby the cement line was crossed (MC: in Fig. 3.2C) - no preferred orientation
was observed for this type of MC either. In CB samples cut along the Haversian canals,
MCs were primarily located in the interstitial bone but did connect with an osteon at one or

both sides. Moreover, these MCs were oriented parallel to each other and reached lengths
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of up to several 100 um (MCsz in Fig. 3.2D). A tendency toward stronger greyscale
variations, e.g., in osteonal bone, and a reduction in the number and length of MCs was
observed with increasing temperature and experimental duration (Fig. 3.2E). It was also
found that CB samples immersed in FW solutions showed a bright (i.e., higher density),
unevenly distributed area along the edges of the CB samples with a thickness of up to 20
pum (Fig. 3.2F), which was already described and referred to as the RR (Kral et al., 2021;
chapter 2).

3.4.2 Chemical alteration
3.4.2.1 Micrometer-scale observations

Qualitative EMPA element distribution maps obtained from pristine CB samples revealed
slightly unevenly distributed P (Fig. 3.3A) and Ca (Fig. 3.3B) at the micrometer scale. Mg
(Fig. 3.3C), Na (Fig. 3.3D), and Sr (Fig. 3.3E) were evenly distributed, albeit close to the
detection limit (0.01, 0.02, and 0.03 wt.%, respectively). Element concentrations of Zn, Nd,
Lu, and U were generally below the detection limit (0.05, 0.02, 0.07, and 0.02 wt.%,
respectively). CB samples experimentally altered in FW solutions at 60 °C were depleted in
P, Ca, and Mg in the RR to a varying extent but relatively enriched further inside the sample
(Fig. 3.3F, G, H, respectively). The spatial distribution of Na (Fig. 3.3I) did not differ
significantly from that in pristine CB, irrespective of the experimental solution to which the
CB was exposed. Furthermore, in CB samples derived from FW experiments, Sr (Fig. 3.3J),
Nd (Fig. 3.3K), Lu (Fig. 3.3L), and U (Fig. 3.3M) were concentrated within the rim area to
varying extent. Under 90 °C, these distribution patterns did not change notably, except for
Ca, which was enriched along the sample’s edge (Fig. 3.3N). CB samples that reacted in
SW solutions at 60 and 90 °C showed element distributions comparable to the FW sample,
except for Mg and Zn. Magnesium was not significantly changed in its distribution, whereas
Zn (Fig. 3.30) appears to have been enriched along the edge of the sample. Note that Nd,
Lu, and U were not included in the SW solution.
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Figure 3.3 | EMPA element distribution maps of pristine and altered CB. Images A-E show pristine and images F-O altered CB (30 d at 60 or
90 °C) with inset maps representing BSE images with an edge length of 300 um. (A-E) Distribution of P, Ca, Mg, Na, and Sr in unaltered CB,
respectively. Images F-M display the P, Ca, Mg, Na, Sr, Nd, Lu, and U distribution, respectively, in samples reacted in FW at 60 °C. Similar
distributions were observed in samples derived from SW experiments, except for Nd, Lu, and U. Image N is representative of the Ca
distribution in samples reacted at 90 °C in FW and SW. (O) Zn distribution in a sample exposed to SW (FW solutions did not contain Zn).
Images A-E and F-O have the same scale bar of 100 um and 50 um, respectively.



3.4.2.2 Nanometer-scale observations

To supplement the EMPA element distribution images with chemical/isotopic images of
higher resolution, nanoSIMS imaging was used for the first time to chemically and
isotopically characterize experimentally altered CB samples at the nanometer scale. In CB
samples from both experimental series (FW, SW), the highest intensities of F were measured
in the outermost 20 pum of the samples (Fig. 3.4A, B, respectively). The area enriched with
F is sharply limited in the CB sample reacted in the FW solution. In contrast, the SW CB
sample showed a gradient with decreasing intensities towards the sample center.

low " high

Figure 3.4 | Isotope distribution images obtained by nanoSIMS of representative CB samples. (A) and (B) show
the distribution of 19F in a FW and a SW sample, respectively. Both samples reacted at 90 °C for 30 d. The CB
sample exposed to FW for 30 d at 60 °C was chosen to show the distribution of (C) 2Na, (D) *Mg, (E) “°Ca,
and (F) 31P. The mosaic images, consisting of 16 and 30 individual maps, show the (G) 2*Mg, (H) 3P, and (l)
63Zn distribution and were taken from a sample that was reacted at 60 °C for 30 d in the SW solution. The last
four mosaic images show the (J) 88Sr, (K) 142Nd, (L) 175Lu, and (M) 238U distribution in a representative CB
sample reacted at 60 °C for 30 d in the FW experimental series (doped with Nd, Lu, and U). The size of a single
image is 40 x 40 pumz2.
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Single element distribution maps showed that Na (Fig. 3.4C) and Mg (Fig. 3.4D) were
homogeneously distributed in all samples and only slightly enriched in the RR. However,
the Na element maps contrast with the EMPA results, which do not show any modifications
in Na distribution, but this is most likely due to the lower sensitivity of EMPA (Fig. 3.3E).
A mosaic image consisting of 16 single element maps from an SW sample revealed that Mg
is enriched in the RR and penetrated at least 300 pum deep into CB via the cortical canal
network (CCN), which is reflected by a higher Mg content around the canaliculi. In contrast,
the interstitial bone is less enriched with Mg (Fig. 3.4G). The altered CB samples were
washed with MilliQ water several times before analysis. It was impossible to distinguish
between CCN and the interstitial CB material in the RR because the interstitial bone was
also enriched with Mg, thus leading to a homogenous distribution within that area.

Calcium was found to be uniformly distributed in all samples. A slight increase in Ca was
observed along the RR, the MCs, and porous structures (Fig. 3.4E). This observation again
contrasts with the EMPA results (Fig. 3.3G). However, this can be explained by the lower
sensitivity of nanoSIMS for Ca concentration. A significant depletion in P was observed
within the RR (Fig. 3.4F), which correlates well with the EMPA results (Fig. 3.3F). In
contrast, SW samples showed higher P contents along the margin and larger pores (Fig.
3.4H). A distinct and uniform enrichment with Sr was determined along and exceeding the
RR (Fig. 3.4J), irrespective of the type of solution. Further away from the edge of the
samples, Sr was still detectable, but only directly surrounding the CCN and barely present
in the interstitial bone. However, the same applies to Zn, although to a lesser extent (Fig.
3.41).

Most intriguingly, the elements Nd, Lu, and U (exclusively added to the aqueous solution
of the FW experiments) were highly enriched along the edges of all FW samples, marking
the RR. Mosaic images of Nd (Fig. 3.4K), Lu (Fig. 3.4L), and U (Fig. 3.4M), consisting of
30 individual nanoSIMS maps, revealed an increase in the penetration depth with increasing
atomic number, i.e., 92 (U) > 71 (Lu) > 60 (Nd). However, the incorporation of U was
thereby not restricted to the RR, i.e., U was transported further into the CB, comparable to
Mg, Zn, and Sr, although the enrichment is less pronounced or detectable. In general, two
different distribution patterns were observed: (1) a uniform change in element concentration
in the RR, irrespective of histological features (Fig. 3.4A), and (2) some elements further
penetrated deeper into the CB via the CCN, which is evident by higher element contents

predominantly at the CB—solution—interface in cortical canals (Fig. 3.4J).
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Figure 3.5 | NanoSIMS concentration profiles of FW samples. The intensity of 87Sr, 142Nd, 175Lu, and 238U
nanoSIMS signals as a function of distance from the surface of CB samples immersed for 30 d in FW solution
at (A) 30 °C and (B) 60 °C. The red boxes in the 87Sr nanoSIMS maps mark the regions from which the
concentration profiles were derived. a.u. = arbitrary unit.

Representative element concentration profiles extracted from the nanoSIMS images of the
FW series display the intensity of Sr, Nd, Lu, and U as a function of distance from the
surface of CB samples (Fig. 3.5). The greatly fluctuating Sr concentration profiles show that
Sr deeply infiltrated the CB (Fig. 3.5A, B), indicating fast but isolated transport paths, i.e.,

via the CCN. In contrast, Nd, Lu, and U were only detected within the outermost 20 um. In

84



the 30 °C sample, Nd, Lu, and U showed relatively similar distribution patterns (Fig. 3.5A),
whereas, in the 60 °C sample, a clearly distinct spatial distribution of these elements became
apparent (Fig. 3.5B). The Nd content continuously decreased from the sample’s edge
towards the interior of the sample. However, Nd did not penetrate further into the CB than
the outermost 10 um. The shape of the U concentration curve can be described by relatively
similar concentrations within the outer 20 um, limited by a sharp decline in concentration.
The form of the Lu profile appears to be intermediate between the shape of the Nd and the
U profile. The concentration profiles for the respective elements indicated a transition of the
processes responsible for the uptake and incorporation of elements into CB. Intensity
profiles of the equivalent 90 °C FW sample are missing, because of the poor data quality of
the respective nanoSIMS maps.

3.4.2.3 Atomic-scale observations

In the next step, APT measurements were performed to obtain information about the atomic-
scale elemental and isotopic distribution within the RR (Fig. S3.2). In total, more than ten
cones were analyzed, but only one cone remained stable enough for a reliable measurement,
which revealed an enrichment with U of up to 0.84 at.% in the RR. A weak anti-correlation
with U was observed concerning the Ca concentration pattern (= 72 at.%) (Fig. S3.2A).
Although this was well in line with the observed elemental distribution patterns (Fig. 3.3F,
K), there were still significant amounts of Ca present in the U-rich regions, but it remains
unclear whether these represent a non-apatite phase. The P signal (= 4 at.%) was also anti-
correlated with the Ca signal (Fig. S3.2B), which did not necessarily support this assumption
because it is difficult to obtain the correct stoichiometry for apatite in atom probe analyses.
The main problem here seems to be the high porosity of the reacted samples, leading to the
collapse of the APT cones during analysis or creating artifacts partly visible due to white
streaks in the reconstructed APT cones (Fig. S3.2B).

3.4.3 Phase composition and structural alteration of the bone apatite phase

To characterize and quantify changes in the bone organic and mineral phase composition
and structure of the bone apatite phase as a function of solution temperature at the
micrometer scale, confocal Raman spectroscopic measurements were performed on a
pristine CB sample and samples altered in SW and FW for 30 d at 30, 60, and 90 °C. Spectra
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were collected from the edge and the center of the samples. Figure 3.6A shows
representative Raman spectra in the wavenumber range between 900 and 1750 cm™ from

the outer bone rim of both 90 °C experiments and a representative spectrum from the pristine

bone.
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Figure 3.6 | Raman spectroscopic analysis of pristine CB and the RR of altered CB samples. (A) Raman spectra
of pristine CB (black) as well as of representative CB samples altered in SW (red) and FW (blue) solutions for
30 d at 90 °C. Spectra were normalized to the maximum intensity of the v1(PO4) band. The shift of this band is
magnified for better comparison in the inset diagram in the upper right. (B) Hyperspectral Nd3*
photoluminescence image from a CB sample treated in FW solution for 30 d compared with (C) the
corresponding nanoSIMS Nd distribution image. Differences between both images partly reflect surface
changes due to the re-polishing of the sample, which was necessary to remove the nanoSIMS gold coating. (*)
the sharp Raman bands are assigned to the laboratory room’s ceiling light, used as an internal standard.

These three spectra already show the entire range of visible spectral variations in all 30 d
samples. The spectra are characterized by an intense band near 960 cm™, which can be
assigned to the vi(PO4) symmetrical stretching mode of the phosphate unit in the bone
apatite, whose position is slightly shifted to higher wavenumbers in the RR of the
experimentally altered samples (inset Fig. 3.6A). The Raman band at 1,003 cm is assigned
to the collagen constituent phenylalanine and is present in all spectra from altered samples.
An additional, more intense band is visible near 1,070 cm™, reflecting the vi(COs)
vibrational mode of the B-type carbonate group in the apatite lattice. This band partially
overlaps with another phenylalanine band at 1,033 cm™ and with broad bands attributed to
the v3(PO4) antisymmetric stretching vibrations of the phosphate group, complicating the
quantification of the carbonate content from a Raman spectrum (Shah, 2020). The bands in
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the frequency range of 1,215 - 1,340 cm™ and 1,616 - 1,720 cm™ are related to vibrational
modes of the collagen components amid I11, comprising v(C—N) and 8(N—H) vibrations, and
amid I, respectively. Samples altered in SW resulted in spectra that can hardly be visually
differentiated from the spectra of the pristine CB sample. Only spectra from the 90 °C
sample show slightly less intense amid | and Il bands, i.e., larger vi(POa)-to-amid /111

intensity or mineral-to-collagen ratios, indicating some loss of collagen.
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Figure 3.7 | Neodymium PL signals of CB samples altered in SW and FW solutions. (A) The Raman shift of the
v1(PO4) band as a function of the normalized Nd PL signal for CB samples from all temperature regimes
exposed to FW for 30 d at 30, 60, and 90 °C. (B, C) The frequency of the v1(PO4) band as a function of its width
given as FWHM for CB samples that were reacted in SW and FW solution, respectively, for 30 d at 30, 60, and
90 °C in SW and FW solutions. Areas in the less altered sample center were measured for comparison due to
the strong heterogeneity of the CB samples among each other.

In contrast, Raman spectra from the RR of FW samples are characterized by strong
photoluminescence (fluorescence) signals with two maxima at 866 and 872 nm, which can

clearly be assigned to *Fs2 — *lgj2 electronic transitions in Nd®*. This is further confirmed
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by a good spatial correlation between this photoluminescence (PL) signal and the relative
Nd concentrations obtained by nanoSIMS (Fig. 3.6B, C). To quantitatively evaluate the
Raman data set, the v1(PO4) band position was plotted against the normalized Nd PL signal
(Fig. 3.7A). The overall strongest shift of the vi(POs) band to higher wavenumbers
(frequencies) is observed in the FW 60 °C sample, but the important information here is that
the Nd PL signal is not correlated with changes of the v1(PO.) frequency. Information about
the structural state of the bone apatite is contained in the position and width of the v1(POa)
band, the latter usually specified as the FWHM. Both parameters were plotted against each
other for all Raman data of each sample treated for 30 d in the SW (Fig. 3.7B) and FW
solution (Fig. 3.7C).
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Figure 3.8 | Raman spectral parameters of reference materials and CB samples altered in a SW solution. The
frequency of the v1(POa) band as a function of the bandwidth, given as FWHM, for the SW experiment series
in comparison with reference data from different modern and fossil bones (Pasteris and Ding, 2009; Barthel et
al., 2020) and teeth (Thomas et al., 2007), from experimentally altered teeth (Weber et al., 2021), synthetic
HAp (Asjadi et al., 2019) and magmatic FAp (own, unpublished data).

The Raman band parameters obtained from the margin of the altered samples were
compared with those obtained from the sample center and various pieces of the pristine
bone. Along the edge of the SW samples, a significant shift v1(PO4) band towards higher
wavenumbers is observed at all three temperatures. There is a clear separation of the
analyses from the sample margin compared to those from the interior of the samples and the

pristine CB. In FW samples, there is no such distinct frequency difference between the
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analyses from the RR and the interior. Here, the vi(PO4) frequency range is much higher
and more evenly spread than in SW samples. Surprisingly, the FWHM of the v{(PO4) band
did not change significantly. It rather slightly increased when considering the entire data
set. This is most pronounced for the 90 °C FW sample, where the FWHM ,1(pos) values from
the interior are significantly lower than those from the RR (Fig. 3.7C). In general, the
position and width of the v1(PO4) band of the unaltered center of the CB samples mark a
linear trend towards well-ordered nano-crystalline HAp (Fig. 3.8; Asjadi et al., 2019) that
should result when both the size and the structural order of the nm-sized carbonated bone
apatite crystallites increase by their recrystallization to HAp. The frequency is comparable
to those for pristine tooth dentin and modern lizard bone but smaller than for pristine enamel
(Fig. 3.8). Analyses from dentin experimentally altered in an initially F-free, acidic solution
partly follow this trend (Weber et al., 2021).

3.4.4 Kinetics of element uptake by cortical bone

The solution composition after a given reaction time (Table S3.1) complements the
chemical analyses of the altered bone specimens. Overall, the concentrations of all elements,
except P, show the strongest decrease already within the first three days. P was the only
element initially released from the bone into the solution. In solutions derived from 60 or
90 °C experiments that ran for 14 d or longer, this was reversed, and P uptake from the
solution into the bone occurred. For B, the opposite was observed; after an initial distinct
uptake into the bone within the first day, B was released back into the solution, slightly
correlating with the increase in temperature. The time-dependence of the Zn, Sr, Nd, Lu,
and U contents in solution — elements predominantly enriched in the RR — can be used to
gain quantitative insights into the kinetics of the overall trace element uptake process in CB.
The element uptake is given by the difference between the concentration (mg/kg) of the
element in the initial starting solution, ci, and the experimental solution after the
experiments, ca. For internal comparability, the element uptake was normalized by the
specific tissue surface, o, of each bone sample obtained by uCT imaging (Kral et al., 2021;
chapter 2). To scale the element uptake to the same surface area, a scaling factor B, given
by B = 6/om, was defined, where om represents the average specific surface area from all CB

samples.
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The following equation is derived to compute the surface-normalized percentage element

uptake U:

u, = B -85 . 100, Eq.1

Ci

In Fig. 3.9, the surface-normalized percentage uptake of the elements Zn, Sr, Nd, Lu, and U
from both solution types FW and SW were plotted as a function of time. From the graphs it
becomes evident that the uptake rates slowed down to zero already within the first three
days, i.e., the element uptake reached saturation level. However, U is an exception in that it
did not reach element uptake saturation in CB until after about 18 d (Fig. 3.9F). A two-

parameter exponential function of the form

u; =S+ (1 —exp(—ht)) Eq. 2

was found to be a suitable empirical function to fit the observed time evolution of u, and,
thus, to determine the asymptotic saturation level, S, and the initial element uptake rates, r,
for the elements Sr, Zn, U, Nd, and Lu from both solutions at each temperature (Table S3.2).

The rate at a given time t is given by

rz%zS-b-exp(—bt) Eq. 3

and, thus, at t = 0, i.e., far from equilibrium by
r=5-b. Eq. 4

In Fig. 3.10A, the fit parameter S is given for the Zn, Sr, U, Lu, and Nd uptake from both
solutions against temperature. The saturation level appears to increase linearly with
temperature for all experiments, with Lu and Nd having the lowest positive slopes, both of
which do not differ significantly from zero at the 95 % confidence level, i.e., the saturation

level of both REEs appears to have been independent of temperature.

90



A" Swzn + + by + B mwsr +

|
80 20
E,Eﬁn. * Z 60 ' ‘:’ .
L : e '
%Lﬁ-iﬂ— E:m;u]_
- o
20 1 20
0 0
0 500 1,000 1500 2000 2,500 0 500 1,000 1500 2000 2500
C1o0 s D mwng
+ N ——
80
. b w] 1
2 +¢- oot $ £ olly $
ol g : o B
T 40+ En
20 20
04
E 500 | 1,000 18500 2000 2500 Dc'u 500 4,000 1500 2000 2500
Emn-Fw"u 4) g F 100 — + 7! T
R 3=

= 50 : S + ‘
E:E 40 E; 7 33 + '
20 2'3- +
018 | | | | | ol Stagell | Stage 2 |
0 500 1000 1500 2000 2,500 0 500 1,000 1500 2,000 2500

t(-10°s) t(-10% 5)

Figure 3.9 | Normalized element uptake of trace elements. (A) Zn from SW, (B) Sr from FW, (C) Sr from SW,
(D-F) Nd, Lu, and U from FW, respectively, as a function of time. Error bars represent the 2-sigma error. Lightly
colored data points in A and D were excluded as outliers from the fit.

From the rate r, it is possible to estimate the empirical activation energy, Ea, for the element
uptake process(es). For this, In(r) is plotted as a function of the inverse temperature in Fig.
3.10B (Arrhenius diagram). Suppose the activation energy of the process under
consideration is constant over the investigated temperature interval; there should be a
negative linear correlation with the slope, m, being proportional to the activation energy,

i.e.,, m = —E, /R with R as the gas constant. Hence, the steeper the slope, the higher the
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activation energy. It is noticeable in Fig. 3.10B that, in general, there is only a very weak
temperature dependency of the element uptake in CB. In fact, except for Nd and Sr from
SW, most of the slopes are positive if a linear function is fitted to the data, implying
unrealistic negative activation energies. However, the sampling number of the 30 °C
experiments was smaller, so only the 1 d data points mainly control the fit parameter b in
Eqg. 2. This is particularly evident from the unrealistic fit of Eq. 2 to the U data from the 30
°C experiment (Fig. 3.9F), which were also excluded from the plots in Fig. 3.10. Therefore,
a linear equation was only fitted to the 60 and 90 °C data, excluding U, as its uptake rates

are significantly lower than those of the other elements.
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Figure 3.10 | Kinetics of element uptake. (A) Element saturation level, S, as a function of temperature for Sr,
Nd, Lu, and U in FW experiments and Sr and Zn in SW experiments. (B) The logarithm of the element uptake
rate, r, is plotted against the inverse temperature. The symbol legend applies to both plots.

The slope yields empirical activation energy for the entire element uptake process of 13 + 8
kJ/mol for the elements Zn, Sr, Nd, Lu, and U, which has a relatively large error but is
different from zero with an error probability of 84 %. Nevertheless, the 95 % confidence
and prediction intervals of the linear fit include most of the 30 °C data, but they do not
include the U data, further indicating that the uptake of U is significantly slower than the
uptake of the other elements. In addition, the activation energies were directly calculated
from the slope of the tie lines between two data points of one experimental series, yielding
a maximum value of = 36 kJ/mol for Sr uptake in the SW solution. For U uptake, ~ 9 kJ/mol
was obtained, while the logarithm of the measured Zn uptake rate was positively correlated

with 1/T, suggesting a very low activation energy for Zn uptake.
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3.4.5 Weight loss kinetics

The weight loss of the CB samples in the experiments with FW and SW solutions can be

attributed predominantly to the decay and loss of collagen. While significantly less

bioapatite was dissolved — the cortical porosity increased only marginally (Kral et al., 2021;
chapter 2). Thus, the temperature-time dependency of the sample weight contains

information about the kinetics of the collagen decay. To account for different sizes of the

CB samples, the measured weight loss was normalized to the initial specific volumes of the

CB samples (Kral et al., 2021; chapter 2) and then plotted against the reaction time (Fig.

3.11).
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Since weight loss is linearly correlated with time, an intercept-free linear-fitting model (y =
bx) was used to determine the volume-normalized weight loss rate, wi. In the FW
experimental series (Fig. 3.11A), the rate was low at 30 and 60 °C, and not significantly
higher than zero (w. = 0.13 + 0.15 - 10® mg/mm3s and 5.3 + 3.4 - 10° mg/mm?s,
respectively), but significantly higher at 90 °C (w. = 5.60 + 0.29 - 10* mg/mm?3s).
Nevertheless, if the logarithms of the weight loss rates are plotted against 1/T in an
Arrhenius diagram, a linear relationship with a negative slope is observed that corresponds
to an empirical activation energy of Ea = 61 £+ 11 kJ/mol (Fig. 3.11C). In SW experiments,
however, only the rate at 90 °C was significantly different from zero (w. =1.26 £ 0.22 - 10
*mg/mm?s; Fig. 3.11B).

3.5 Discussion
3.5.1 Early structural and textural modifications of the cortical bone samples

Following the exposure of CB samples to aqueous solutions with either FW or SW
composition, a previously conducted study showed that on a scale down to 3 um, the CB
microarchitecture was largely unmodified (Kral et al., 2021; chapter 2). In contrast, the X-
ray BSE images obtained in the present study clearly revealed that within just 1 d of the
experiment, the formerly intact CB (Fig. 3.2A) had been strongly pervaded by MCs (Fig.
3.2B-D). However, the large dimensions of some MCs contrasted distinctly with the
decrease in cortical porosity (Ct.Po) determined in CB samples immersed in FW solutions
(e.g., ACt.Pogo °c, 1d, Fw = =15 + 3 %, Kral et al., 2021; chapter 2). The number of formed
minerals necessary for such a pore space reduction would have rather been reflected by an
increase in weight by 0.34 % instead of a slight decrease as observed (e.g., Awtgo °c, 1d, Fw =
—0.776 = 0.001 %). In CB samples from FW experiments terminated after 3 d, the Ct.Po
showed the opposite trend, i.e., the pore space increased (e.g., ACt.Pogoec, 3d, rw = 11 £ 2 %),
although still a large number of MCs as well as slow, but continuous weight loss were
detected (e.g., Awtgo °c, 7d, rw = —1.910 + 0.002 %). Thus, it is most likely that neither
mineralization processes nor MC formation predominantly caused the temporary decline in
Ct.Po. This supports the first hypothesis by Kral et al. (2021; chapter 2) that collagen
swelling, a temporary mechanism with large spatial impact (McKernan & Dailly, 1966),
must have significantly reduced the pore space after 1 d. Collagen swelling is caused by the
interaction of collagen fibers with aqueous solutions. The solution must therefore have
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penetrated large parts of the CCN only hours after the initiation of the experiment. This
interpretation is indirectly supported by the deep infiltration of Sr, Mg, and Zn into the CB

samples.

A second hypothesis suggesting that the increased volume of the swollen collagen fibers
must have exerted mechanical stress on the mineralized tissue and thus could have led to
MC formation as observed for fossil bone (Pfretzschner, 2000) could not entirely be
confirmed by the results of the present study. In CB samples exposed to SW solutions, MC
formation also occurred, albeit less pronounced, while collagen swelling was unlikely to
happen for physicochemical reasons (Kral et al., 2021; chapter 2). Although it is still not
entirely known how the MCs were formed, it is important to note that the number of MCs
decreased notably after approximately 14 d — they presumably got filled, even though this
is only reflected by an increase in greyscale values as well as Ca and P concentration in the
sample’s interior. Overall, the CB microarchitecture remained broadly intact, although the

bone must have been saturated with the external aqueous solutions.

3.5.2 Element uptake and spatial distribution in cortical bone samples

Dissolved ions were transported via the aqueous solutions into the CB through the CCN and
following collagen-crystallite interfaces. However, the elements’ penetration depth differed
notably. Directly along the sample’s edge, an X-ray-dense, sharply delineated, up to 20 um
thick RR became visible in uCT (Kral et al., 2021; chapter 2) and BSE (Fig. 3.2F) images
from samples altered in FW solutions. The RR was characterized by higher contents of Mg,
Sr, Nd, Lu, and U. It is known that not only divalent molecules and cations (UO%", Sr?* and
Zn?*), but also mono-, tri-, tetra- and hexavalent cations (Na*, REE®", U*, U%", respectively)
can substitute for Ca* in a metastable hydroxylapatite phase in compliance with a specific
charge-compensating mechanism (Pan & Fleet, 2002; Trueman et al., 2004, 2006). CB
samples derived from experiments with the SW solutions are characterized by an outer zone
enriched with Sr and Zn, which is thus not visible in BSE and uCT images (Kral et al., 2021,

chapter 2) but can also be considered a RR.

The penetration depth of the elements enriched in the RR differed notably. The largest
change in spatial distribution was observed for Mg, Zn, and Sr. These elements penetrated
deepest into the CB sample and were highly enriched at the bone—solution—interface in the
CCN. This demonstrates that the CCN was the preferred transport pathway, allowing for
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deep penetration of water and dissolved chemical species to the interior of the bone. The
CCN is anisotropically oriented, with most cortical canals running parallel to the bone
surface (Fig. 3.1B). Cutting the samples from the bone perpendicular to its longitudinal
growth direction and the CCN made the cylindric bone samples more easily accessible for
the solution even at a relatively low temperature. This is reflected by a thicker RR and
greater intra-vascular penetration depth in the growth direction, i.e., in the direction of most
cortical canals (Fig. 3.4K-M) — a pattern that corresponds well with the area enriched with
Nd, Lu, and in particular with U (Fig. 3.3J-L). The penetration depth of these elements is
negatively correlated with their atomic radii, i.e., Lu®* (173.4 pm) penetrated only slightly
further into the CB than Nd** (185 pm), while the smaller U®" (138.5 pm) penetrated
distinctly deeper into the CB sample. Thus, these elements mark a relatively sharp
concentration gradient towards the inside of the CB samples (Figs. 3.4K-M, 5), which agrees
well with results from fossil bone (Herwartz et al., 2011). However, these concentration
gradients must be associated with distinct reaction processes such as adsorption or
crystallization rather than purely diffusional transport, as diffusivities of REEs and U in
bone are too similar to cause such disparities (Kohn & Moses, 2013). The observed
elemental fractionation within the RR possibly reflects different partition and adsorption
coefficients (Hinz & Kohn, 2010; Trueman et al., 2011).

The RR was also depleted in Ca and P relative to the sample center, although the high
greyscale values imply a higher density and/or a higher average atomic number than
observed before the experiments. The relative depletion in P in the RR can be explained by
the substitution of CO3? for the PO,* site in the apatite lattice, which is reflected by an
increase in FWHM and by an intensity increase of vi(COg) relative to vi(POs4) (Thomas et
al., 2007). Both elements, P and Ca, were concentrated at the sample’s center (Fig. 3.3F,
G), where also additional Ca derived from the experimental solutions was accumulated.
Phosphorus was initially not contained in the experimental solutions. Therefore, a slight
increase of P (< 0.5 ppm) in the solutions had to be expected from apatite dissolution.
However, in 60 and 90 °C experiments, after a duration of 21 d, even these small amounts
of P were again removed from the solutions. This is also strong evidence for the re-
deposition of P on surfaces of crystals and/or the formation of larger and thus energetically
more favorable apatite crystals, which presumably led to the filling of MCs, reflected by a
strong enrichment with Ca and P in the sample center and reducing Ct.Po values over time
(Kral et al., 2021; chapter 2).
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3.5.3 Bone apatite dissolution and/or recrystallization

The RR was already visible on X-ray pCT and BSE images after 1 d. However, this period
is too short for assuming that a dissolution-recrystallization process has led to incorporating
Nd, Lu, and U into the apatite lattice. It is more likely that they were first adsorbed onto the
organic matrix and/or onto bioapatite crystallite surfaces. In the RR, strong PL signals (Fig.
3.6) related to *Fsz — “*lo2 electronic transitions in Nd** were observed using Raman
spectroscopy (Panczer et al., 2012; Lenz et al., 2013; Tuschel, 2016; Mikhalyova et al.,
2019) with a laser excitation of 785 nm (Fau et al., in press). It is common knowledge that
REEs act as the main luminescence centers in minerals (Amoroso & Pope, 2015). Thus, in
the case of the formation of secondary apatite (with incorporated Nd or Lu), the occurrence
and intensity of the PL signal are expected to correlate with a blue shift of the v1(PO4) band,
which would indicate a shortening of the average P-O bond length and thus the formation
of a less defect or F-rich apatite phase. However, such a correlation was not observed (Fig.
3.7A). Moreover, the PL signal was already detectable after 1 d in the 30 °C temperature
regime, while the v1(PO4) band was not significantly shifted during the entire experimental
duration. Consequently, it is more likely that Nd, which is used as a contrasting agent in
electron microscopy, because it concentrates in tissues (Koeppenkastrop & De Carlo, 1992;
Kohler et al., 2005; Kuipers & Giepmans, 2020), is adsorbed onto the organic matrix and/or
onto the surface of the nano-crystalline bone apatite crystallites instead of being
incorporated into newly grown or recrystallized apatite. To a certain extent, the same applies
to U, which also has biosorption properties (Volesky & Holan, 1995), wherefore [UO,]**
di-cations can bind to negatively charged amino acid residues in collagen (Tzaphilou et al.,
1982). Furthermore, in an experiment conducted by Kohn & Moses (2013), it was
demonstrated that U concentration was about 60 times higher in collagen-bearing than in
deproteinated bone. The interaction between collagen and the dissolved ions might also
have been supported by the initially occurring collagen swelling leading to a drastically
enlarged collagen surface, thus providing more options for adsorption and temporally
impeding the penetration into CB. Furthermore, this interpretation is also supported by the

observed low activation energy for elemental uptake of about 13 kJ/mol.

Over time and accelerated by heat, the organic matrix was continuously hydrolyzed, which
is reflected by a distinct weight loss of up to 20 %, especially in 60 and 90 °C experiments
(Fig. 3.11, Kral et al., 2021; chapter 2). Collagen degradation led to the exposure of the bone

HAp crystallite surfaces to the solution so that dissolution and/or recrystallization of the
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nm-sized bone apatite crystals was accelerated. Higher Na contents detected in those areas
enriched with Nd and Lu may indicate apatite recrystallization, as the replacement of Ca?*
by REE®" requires a monovalent charge-balancing ion like Na* (Voigt et al., 2017), but
generally, charge compensation may also be achieved by defect formation, resulting in non-

stoichiometric, Ca-deficit hydroxylapatite (Asjadi et al., 2016).

Notably, solution analyses revealed (after an initial uptake) a release of B from the CB
sample into the solution over time, particularly in 90 °C experiments. Boron is known to
strengthen bone by binding either to the hydroxyl group of hydroxylapatite and/or collagen
I (Rondanelli et al., 2020 and references therein). Thus, the release of B into the solution

can imply both intensified dissolution of the apatite phase and/or degradation of collagen.

The observed linear relationship between the weight loss rates (wc) in FW experiments and
the inverse temperature yielded an empirical activation energy of 61 + 11 kJ/mol.
Information on collagen degradation kinetics under wet conditions is scarce. Nevertheless,
this value can be compared with the Ea measured for the decay of bone collagen in
hydrochloric acid, which varies between 6.8 and 25.1 kJ/mol (Castro-Cesefia et al., 2011),
while the denaturation of bone collagen induced by heat and under dry conditions (T = 450-
670 K) requires an activation energy of 127 £+ 8 kJ/mol (Lambri et al., 2016). It is recalled
that in both experimental series, w. was accelerated by increasing the temperature from 60
to 90 °C (Fig. 3.8A, B). These results fit with observations made in a thermal study on
unmineralized and mineralized collagen, which showed that in a hydrated environment, the
internal cross-links between collagen fibrils break at 65 + 5 °C, and denaturation starts,
ultimately leading to collagen degradation at more elevated temperatures (Bozec & Odlyha,
2011) and thus to weight loss. The distinctly lower weight loss rates in SW experiments
clearly showed the effect of (local) pH on the kinetics of bone apatite recrystallization,
particularly concerning the recrystallization window (pH range between 7.6 and 8.1)
defined by Berna et al. (2004) under which apatite recrystallization was enhanced. Thus, it
is conceivable that higher recrystallization rates - reflected by an increase in greyscale
intensity in the sample’s interior - in SW experiments counterbalanced the heat-induced
collagen loss, which would also fit with the observed lower number of MCs. The Raman
spectra of FW samples did not allow conclusions concerning collagen degradation or
preservation due to intense PL signals covering the collagen-related Raman bands.
However, in the SW sample, a significant reduction of the intensity of collagen-related
Raman bands, e.g., the amid I or Il bands, was observed, which is clear evidence for

collagen degradation (Fig. 3.5A).
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In Raman spectra obtained from the RR of both experimental series, the vi(PO4) band
position shifted to higher frequencies. This shift is related to a shortening of the P—O bond
length in the phosphate tetrahedra of the apatite lattice, likely due to incorporating F in the
OH  position. The presence of F was also shown by nanoSIMS element maps, with a distinct
enrichment with F in the RR (Fig. 3.4A, B). However, this contrasts with the increase of the
FWHM, which is expected to decrease based on the physics of crystal vibrations and,
particularly, when fluorapatite (FAp) is formed. This unusual positive correlation between
the frequency and the width can be explained by the convolution of the v1(PO4) band of two
structurally slightly different apatite phases, as, for instance, of FAp and HAp crystallites,
forming one broader band with a maximum that is shifted to a higher frequency. In any case,
these results indicate dissolution of bioapatite nano-crystals followed by the formation of
an F-bearing phase, e.g., authigenic carbonate-FAp. Unfortunately, the APT measurements
did not provide reliable information on the spatial elemental distribution at the atomic scale
that would indicate the growth of FAp. The high porosity and the mixture of mineral and
organic phases made the APT cones unstable, possibly leading to imprecise 3D elemental

reconstructions and eventually to their collapse during the measurement.

3.5.4 Element uptake mechanisms and kinetics

3D visualizations of uCT data showed that the RR is unevenly distributed around the CB
samples (Kral et al., 2021; chapter 2). Consequently, the CB microstructure has a significant
impact on local element uptake and thus on spatial element distribution. It is assumed that
the element’s concentration, the physicochemical milieu in the aqueous solution, the
element’s partition and adsorption coefficients, the speciation of the element, and the
porosity/permeability of the bone are the parameters predominantly controlling element
uptake (Trueman & Tuross, 2002). In general, the term “element uptake into bone” covers
both the penetration of solutions carrying dissolved ions into the CB as well as the
incorporation of elements into the apatite lattice either due to diffusive processes,
dissolution-reprecipitation by a ripening process, or due to an interface-coupled dissolution-
reprecipitation process (Putnis, 2009). The results of the present study clearly show that it
is crucial to separately consider element uptake and incorporation and to consider them as

the result of different, parallel, and/or consecutive transport and reaction processes.
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3.5.4.1 Element uptake

It is known that because of its spongy properties, within short time scales bone tends to soak
up aqueous solutions carrying various elements (Trueman & Tuross, 2002). The element
distribution and BSE images did not reveal any significant modifications after 1 d, although
40 to 70 wt.% of the initial element concentration in solution (except P) were already
removed from the solutions within this short time. Element uptake saturation levels were
reached after 7 d (Fig. 3.7) and increased from 30 to 90 °C (Fig. 3.8A). However, distinct
microstructural changes became first observable after exposure of CB to the experimental
solution for more than 14 d. Thus, it is conceivable that an initially fast transport process
led to an instantaneous pervasion of the bone by the solution and element adsorption to
collagen and/or the bone apatite nano-crystals until the bone was saturated in solution.
During this relatively quick process, double-charged ions, such as Mg, Sr, or Zn, were
transported in solution following interfaces and cracks deep into the bone (Fig. 3.4G, I, J,
respectively). In contrast, tri- or higher valent elements such as Nd, Lu, and U were solely
concentrated along the outer bone rim. In agueous solutions, the predominant species of Nd,
Lu, and U are Nd*" (Panigrahi et al., 2018), a fully hydrated Lu®** species ([Lu(OH)s]**
(Rudolph & Irmer, 2018), and uranyl di-cations [UO2]?*, respectively. The high absorption
coefficients for the dissolved Nd3** and Lu®* ions between water and apatite surfaces
(Koeppenkastrop & de Carlo, 1992) as well as their tendency to form complexes with
organics (Kuipers & Giepmans, 2020) led probably to a rapid removal from the pore fluids
(Trueman et al., 2004) shortly after entering the CCN. Thus, these elements were rapidly
scavenged from the ambient aqueous solution into the RR, while divalent cations could

penetrate with the solution via the CCN deeper into the CB.
3.5.4.2 Element incorporation

Element distribution patterns in the bone reflect transport and reaction processes, such as
recrystallization of the bone apatite phase and/or adsorption onto crystallite surfaces
(Millard & Hedges, 1996; Kohn, 2008). Although the exact underlying mechanisms are still
not fully understood, it is widely assumed that element distribution within and incorporation
into bone mainly occurs via different transport mechanisms and not via volume diffusion
(Millard & Hedges, 1996; Kohn, 2008; Herwartz et al., 2011; Kohn & Moses, 2013) leading
to substantial differences in the distribution of, e.g., REEs in bones on a pm-scale (Suarez
et al., 2010). However, data obtained in the present study clearly revealed that the element

distributions differ even on a sub-pum-scale.
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The most prominent diffusion models to explain the element/isotope incorporation into bone
are (1) diffusion plus adsorption (DA) of trace elements onto crystallite surfaces, leading to
a continuous decreasing concentration gradient towards the interior of fossil bone (Millard
& Hedges, 1996); (2) diffusion plus reaction or recrystallization (DR) as a result of
bioapatite nanocrystalline surfaces being exposed to a fluid and thus initiating surface-
driven dissolution-recrystallization processes, which finally leads to the formation of
secondary apatite crystals of different compositions — a sharp border between altered, i.e.,
recrystallized material and unaltered material is characteristic of DR (Kohn, 2008); (3) the
double-medium diffusion model (DMD), which describes the occurrence of two diffusion
pathways with different transport properties. DMD concentration profiles typically show
very steep concentration gradients in the outermost part of the bone, similar to DA profiles.
Concentrations also decrease with distance, but not as much as in DA models. This type of
diffusion model is characterized by the relatively high trace element concentration far away
from the bone’s surface, which is assumed to be related to fast, inter-crystalline diffusion
(Kohn, 2008).

In a study performed by Suarez & Kohn (2020), REE and U concentration profiles of
partially and completely fossilized bone samples obtained by LA-ICPMS were assigned to
different diffusion models. These authors postulated that the exponentially decreasing
concentration profile of REEs is typical for either DA or DMD. In contrast, the U profile is
associated with DR. These results do not entirely match the observations made in our study.
The here observed concentration plots of nanoSIMS isotope distribution images can be
better explained by a transition from a purely transport-controlled process (***Nd) towards
a transport-reaction process, whereby the reactive part became the predominant part with
increasing atomic number (*°Lu = 238U). The intensity profile of Lu can be best described
as an intermediate state between DA and DR. In contrast, the concentration profile of Sr is
similar to a DMD profile. However, it is suggested that instead of fast, inter-crystalline
diffusion, a simple transport-reaction process must have caused the higher Sr concentrations
further away from the sample’s edge - the same applies for Mg and Zn. One possible process
is a fast, kinetically uninhibited transport of elements by the solution that percolated through
isolated pathways, i.e., the CCN. This is followed by adsorption and/or local interface-
coupled dissolution-reprecipitation reactions, which are much slower. NanoSIMS images
showed unambiguously that the respective elements were only concentrated around the
CCN, whereas diffusion in nanocrystalline HAp would have led to an even enrichment in

the interstitial bone (Fig. 4 G, 1-M). Here, it needs to be mentioned that with quantitative
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point analysis or line scans, isotope distributions on such a small scale cannot be resolved,
particularly not by using pum-sized spot sizes, because every single measurement would
cover much more unaltered than altered bone areas. NanoSIMS analysis, however, provides
an extremely high lateral resolution of 50-150 nm and high mass resolution, thereby
allowing to determine any element and its isotopes at the nanometer scale and resolve such
element distribution patterns. However, the resolution is still not good enough to resolve

intra-nanocrystalline chemical patterns.
3.5.4.3 Reaction kinetics

Our time-dependent chemical data revealed that the element uptake of Zn, Sr, Nd, Lu, and
U into bone was only barely kinetically inhibited and that the uptake occurred rapidly after
the CB samples were exposed to the aqueous solutions — for all elements except U, a
saturation level was reached already within the first 3 d. A clear positive linear relationship
between the height of the saturation level in CB samples and the temperature was found for
Zn, Sr, and U, while the uptake of Nd and Lu seemed to have been independent of
temperature. Fernandez-Seara and colleagues (2002) have investigated diffusional transport
mechanisms of water in CB using nuclear magnetic resonance imaging and spectroscopy.
Their experiments at different temperatures revealed a distinct temperature-dependency for
the diffusional transport of water through the CB matrix. It was further found that the
interaction between water and the bone matrix is diffusion-limited, which is reflected by a
higher activation energy of Ea = 26.8 kJ/mol than for self-diffusion of free liquid bulk water
(Ea = 18.9 kJ/mol, Mills 1973; Fripiat et al., 1984). The activation energies determined in
the present study of about 13 kJ/mol are in the order of self-diffusion of water (Table S3.2),

i.e., the element uptake into bone is not significantly kinetically inhibited.

3.6 Conclusion

This high spatially and time-resolved experimental in vitro bone taphonomy study was
intended to determine the effects of aqueous alteration on CB under early diagenetic
conditions. The most prominent finding is that distinct modifications of the major and trace
element composition in bone caused by post mortem alteration processes started
immediately after the bone’s exposure to artificial FW and SW solutions. The element
uptake rates slowed down to almost zero within the first three but not later than after 18 d.

The second major finding is that significant alteration of the organic and mineral phase,
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particularly at the bone samples’ margins, occurred within the first few hours to days after
exposure to an aqueous solution and not after several years as previously assumed. Most
elements, particularly Sr, Nd, Lu, and U, were concentrated behind a diffusion-reaction
front near the sample’s surface, which was only clearly detectable in samples exposed to
FW solutions. Concentration profiles covering the RR revealed a transition from a purely
transport-controlled process (**2Nd) towards a transport-reaction process (*”°Lu), whereby
the reactive part is more dominant the larger the atomic number (>38U). Additionally, fast
transport-reaction processes led to the rapid distribution and enrichment of Mg, Sr, and Zn
within the CB through the infiltration of the solution along the CCN.

From these results, a more detailed, albeit phenomenological model for the interaction
between CB, aqueous solutions, and the elements dissolved therein can be derived: it is here
suggested that the elements concentrated in the RR are first and immediately bound by
adsorption onto collagen fibers and/or onto crystallite surfaces. Then, collagen hydrolysis,
accelerated by heat, leads to releasing those elements into the pore fluid, whereby bioapatite
surfaces are exposed to the pore fluid, thus enhancing its dissolution and facilitating
reprecipitation and recrystallization processes. The dissolved apatite constituents Ca and
PO4 are relocated into the sample’s interior, while thermodynamically more stable,
authigenic, and F-bearing apatite crystals are formed in the RR. The entry of solutions is
most likely enhanced by the post mortem formation of MCs, which, however, can be refilled
by new apatite over short periods, thus not resulting in any visual evidence for their previous
occurrence. Early recrystallization and formation of more stable carbonated fluorapatite
might protect the bone against further alteration and could slow down the uptake of external
elements during later stages of diagenesis. However, it is important to point out that Sr and
Mg, both proxies for paleo-reconstructions, are altered and incorporated from the aqueous
solutions that penetrate much deeper into large areas of the CB in relatively short periods.
The results further demonstrate that the specific aqueous environment present immediately
post mortem, e.g., rainwater puddle, lake, river, or ocean, has a significant impact on the
preservation or degradation of bone and thus on the degree of early diagenetic chemical and

mineralogical modifications.
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3.7 Supplementary material

microcracks

Figure S3.1 | Representative uCT image with MCs.
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Figure S3.2 | APT maps of a single RR sample from the altered CB sample. (A) Ca and U distribution. (B) C,
P, Ca, N, and U distribution. The scale is given in nm.
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Table S3.1 | The solution composition after a given reaction time. The table is continued on the next page.

Solution T t B SD Mg SD P SD Ca SD
°C d mglkg mg/kg mg/kg mg/kg

0 2339 60 121979 1444 3.35 0.03 1425998 15395

1 1432 4 55841 44 75.21 0.57 206965 1358

30 14 1592 8 58083 347 93.76 0.11 174175 82

30 1516 6 58470 165 203.64 2.19 147810 842

1 1447 1 48273 33 46.53 0.19 205208 1972

3 1464 9 55481 545 9493 0.96 187010 677

60 7 1525 8 49714 359 85.99 1.49 126504 58

W 14 1479 7 51894 8 41.82 0.32 132781 142

21 1611 9 52237 557 87.25 0.28 116255 402

30 1712 12 50684 471 11533 0.15 129825 766

1 1505 7 51781 668 93.14 0.17 219741 1065

3 1559 1 45561 267 163.77 156 134756 1111

90 7 1870 8 46956 229 286.51 2.16 116084 446

14 1745 14 40917 385 318,58 0.22 106327 370

21 1762 3 40944 95 300.64 0.80 94118 610

30 1751 20 41742 351 205.14 0.34 86917 889

0 3146 68 859204 1646 3.87 0.02 561966 6436

1 1889 6 657990 2409 139.78 1.79 230343 6015

30 14 1845 1 674527 4749 261.98 0.75 897414 79545

30 1905 14 813175 3271 247.28 0.09 294749 4818

1 2044 15 764886 6596 113.38 1.28 302164 3635

3 2018 14 799983 4490 49.78 1.09 327266 6440

60 7 1949 6 773702 11616 175.63 1.81 249257 2694

SW 14 2052 20 752842 8870 203.66 1.40 275861 5333

21 2127 10 627509 9594 25547 2.11 241303 1334

30 2163 3 672072 1396 84.54 0.81 197968 5050

1 2146 25 754243 6592 146.73 0.18 254678 3525

3 2135 22 594061 7024 192.67 3.38 194589 1377

80 7 2155 8 716427 12839 23540 1.86 287459 5552

14 2189 9 658729 4350 246.75 4.47 379353 1017

21 2162 44 677856 11004 408.06 6.76 237134 1472

30 2409 2 664917 7239 382.62 0.72 284438 11684

30 3.27 0.22 2.00 0.10 3.64 0.02 18.9 0.8

Blank 60 0.61 0.04 3.09 0.06 5.62  0.07 47.4 15

90 148 0.01 3.77 0.03 16.79 0.00 37.6 14

FW = freshwater, SW = seawater
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Continuation of Table S3.1

Solution T t Zn SD Sr SD Nd SD Lu SD U SD
°c d mgl/kg mg/kg mg/kg mg/kg mg/kg
0 137641 941 1754 3 3505 10 15993 210
1 67560 188 1085 6 1362 12 6432 36
30 14 61922 109 303.2 0.2 514.8 04 8425 7
30 54876 179 281 0.1 246 5 9528 53
1 68720 73 713 3 1114 5 8426 96
3 62339 272 7774 0.3 1216 4 12561 222
60 7 42327 82 185 2 1515 0.3 2018 18
Fw 14 44081 66 190 2 403 2 5229 33
21 38881 29 52 2 305 4 1681 6
30 33230 26 150 1 299 4 3714 42
1 62890 144 507 5 1180 8 11192 46
3 46082 99 259 1 875 3 8051 26
90 7 31203 91 528 04 281 2 1248 4
14 14788 26 289 1 220 1 29 1
21 13821 6 27 6 143 2 151 1
30 9430 24 194 002 261 03 134 3
0 9611 509 140081 1940
1 5084 48 82841 226
30 14 4723 39 76879 115
30 4152 28 75769 25
1 4847 50 74428 296
3 6447 87 55862 469
60 7 3159 22 52023 103
SW 14 2900 29 53678 101
21 2836 36 44339 35
30 3833 49 41042 4
1 4777 39 37062 24
3 2611 35 35707 125
90 7 1106 9 37146 6
14 430 6 33222 132
21 308 3 34349 108
30 634 4 33302 53
30 7 0.1 0.0442 0.0003 <DL <DL 0.084 0.001
Blank 60 26 0.2 0.1463 0.0004 0.0025 0.0001 0.001 0.000 0.0417 0.0003
90 1.00 0.02 0.053 0.001 <DL <DL 1.361 0.004
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Table S3.2a | Initial element uptake rates calculated for Nd, Lu, and U at each temperature (°C)

T Ut Nd Nd Lu Lu ) U
b 10 b 10 b 10
30 0.003299 6.58E-06 2.35E-06 1.42E-05 2.96E-06 Bad fit
60 0.003002 6.08E-06 2.08E-06 1.29E-05 4.27E-06 3.04E-06 1.57E-06
90 0.002754 1.45E-05 2.15E-06 1.34E-05 3.30E-06 3.26E-06 3.75E-07
S (%) 10 S (%) +10 S (%) 10
30 0.003299 89.68 6.98 88.16 4.16 49.18 6.10
60 0.003002 90.93 6.55 87.76 4.84 81.56 10.83
90 0.002754 95.55 2.47 90.15 3.60 97.88 2.84
r = b*S (%l/s) 10 r (%l/s) +10 r (%/s) 10
30 0.003299 5.90E-04 2.16E-04 1.26E-03 2.67E-04
60 0.003002 5.53E-04 1.93E-04 1.13E-03 3.80E-04 2.48E-04 1.32E-04
90 0.002754 1.38E-03 2.08E-04 1.21E-03 3.01E-04 3.19E-04 3.78E-05
S = saturation level, b = slope
Table S3.2b | Initial element uptake rates calculated for Sr and Zn at each temperature (°C)
T T Sr (FW) Sr Sr (SW) Sr Zn Zn
b 10 b 10 b 10
30 0.003299 2.82E-05 1.08E-05 2.88E-05 2.41E-06 2.59E-05 7.84E-06
60 0.003002 1.12E-05 3.14E-06 1.31E-05 2.27E-06 1.47E-05 2.63E-06
90 0.002754 9.90E-06 2.68E-06 3.18E-05 9.51E-06 8.59E-06 9.06E-07
S (%) 1o S (%) 10 S (%) 1o
30 0.003299 60.81 8.62 44.77 0.46 52.96 2.28
60 0.003002 69.22 3.37 64.59 1.84 66.46 2.00
90 0.002754 83.40 4.11 76.83 1.67 93.36 1.70
r (%/s) 1o r (%/s) 10 r 1o
30 0.003299 1.72E-03 6.99E-04 1.29E-03 1.09E-04 1.37E-03 4.19E-04
60 0.003002 7.78E-04 2.21E-04 8.43E-04 1.49E-04 9.76E-04 1.77E-04
90 0.002754 8.25E-04 2.27E-04 2.45E-03 7.33E-04 8.02E-04 8.58E-05

S = saturation level, b = slope
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4.1 Abstract

Oxygen isotope tracer experiments were conducted to investigate bone mineralization under
early diagenetic conditions and to identify the provenance of the phosphate required for
bone mineralization. Isothermal alteration experiments were conducted on modern ostrich
cortical bone (CB) samples in three different aqueous solutions at 60 and 90 °C for 30 days.
Two of the solutions contained *80-enriched water, and one solution was in contact with
artificial sediment that contained ‘0-enriched calcium hydrogen phosphate (CHP). These
different tracer solutions were used to distinguish between bone apatite recrystallization and
new apatite mineralization. Evidence was found that uptake of dissolved PO4 into the bone
occurred in the presence of a sedimentary phosphate source, and new fluorapatite began to
form. Moreover, although chemical and structural modifications of the CB occurred, neither
newly grown apatite crystallites nor oxygen isotope exchange between dissolved PO4 and
water was found in bones exposed to aqueous solutions at low-temperature conditions
lacking a sedimentary phosphate source. The fast incorporation of *0-doped PO4 from the
CHP accelerated bone fossilization and consequently changed the stable oxygen isotope
composition of the phosphate group (5¥0po4) in bone mineral phase more rapidly than in a
diagenetic setting without additional external phosphate. Thus, in order to correctly interpret

5180po4 data, knowledge about the burial and diagenetic setting is crucial.

4.2 Introduction

During the fossilization process, the skeletal tissues of vertebrates will be altered by various
physicochemical processes and are transformed into a form that will allow bone to survive
for millions of years and thus preserve information from times long past. For instance, the
stable oxygen isotope composition of the phosphate group (5'80pos) in bone mineral phase
hydroxylapatite (HAp) is used to determine (paleo)environmental temperatures (e.g., Blake
etal., 2010; Pucéat et al., 2010). Fresh bone predominantly consists of a carbonated calcium-
phosphate mineral, approximated as HAp (55-60 wt.%), with a composition similar to
dahllite (Ca10(COs3, PO4)s(OH)2) (Wopenka & Pasteris, 2005). These crystallites are aligned
within an organic matrix of primary type-I collagen fibers (~30 wt.%) (Tzaphlidou, 2008;
Boskey, 2015). Furthermore, living bone also contains ~ 10-15 wt.% of water (Rogers &
Zioupos, 1999). For bone to fossilize, HAp must be transformed into a thermodynamically

more stable apatite form, such as fluorapatite (FAp). In addition, collagen, which makes up
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about 25 to 36 vol.% of the bone in vivo (Collins et al., 2002; Trueman et al., 2008), gets
degraded by chemical and biological processes during diagenesis (Collins et al., 2002;
Hedges, 2002; Pfretzschner, 2006). Consequently, in fossil bone, this volume also must be
replaced by secondary authigenic apatite, which will require large amounts of exogenous
Ca and PO4. However, it is still unclear where the required material comes from during
diagenesis. Possible sources include soft tissue, other bones, and the surrounding sediment,
which usually contains little POs. Furthermore, little is known about the processes
underlying bone mineralization and their effect on the oxygen isotopic composition.
Correspondingly, there are still significant gaps in our knowledge about these elements of

the fossilization process.

Post mortem, bone taphonomy starts immediately, either leading to the bone’s preservation
or, more likely, to its decomposition (see Dauphin, 2022 for an overview). The fossilization
process during which bone is preserved can be divided into two main stages: early and late
diagenesis, which are differentiated by changes in the chemical milieu and bone
composition (Pfretzschner, 2004). The early diagenetic stage is characterized by abiotic and
biotic decay of soft tissues, loss of collagen, and bone recrystallization (Collins et al., 2002;
Trueman & Martill, 2002a; Trueman & Tuross, 2002b; Jans, 2008; White et al., 2014;
Turner-Walker, 2019; Procopio et al., 2021). The latter can either happen in the form of a
pseudomorph replacement of nm-sized bioapatite and collagen by energetically more
favorable and stable authigenic apatite mineral phases, e.g., FAp (Kolodny et al., 1996;
Elorza et al., 1999; Berna et al., 2004; Goodwin et al., 2007), or through the addition of
authigenic apatite to biogenic apatite crystallites (Hubert et al., 1996; Trueman et al., 2004).
When authigenic minerals replace the organic matrix almost entirely, bone cavities such as
pore space or cracks get mineralized by secondary minerals during late diagenesis. Such
minerals are calcite, siderite, brushite, or different apatite phases, depending on the
composition of the diagenetic fluid (e.g., Pfretzschner, 2004; Wings, 2004; Keenan, 2021).

Whether a bone is preserved or decomposed depends strongly on the environmental
conditions during early diagenesis (Nielsen-Marsh & Hedges, 2000; Trueman et al., 2004;
Kohn, 2008). Decisive for the preservation of bone is the transformation of bioapatite into
and the replacement of collagen by carbonated fluorapatite (COs-FAp) (Nemliher et al.,
2004; Pasteris & Ding, 2009) or similar stable apatite phases. This implies that vast amounts
of Ca and PO are required to fossilize bone to infill pore space from collagen degradation
and to recrystallize bioapatite to FAp. However, it remains unknown if the Ca and PO4 for

bone fossilization derive from redistribution (i.e., dissolution and reprecipitation) within or
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among bones or from the embedding sediment. Bone mineralization with new HAp or FAp
by Ca and POsderived from a sedimentary source of the burial setting is proposed to be an
essential process for bone fossilization (e.g., Trueman & Tuross, 2002b). However,
systematic experiments that mainly aim to investigate early bone mineralization under

diagenetic conditions and test this hypothesis have so far not been conducted.

In the present study, the provenance of PO4 for bone mineralization was assessed by in vitro
alteration experiments of modern ostrich CB with and without artificial sediment containing
80-enriched CHP. For isothermal aqueous alteration experiments, CB samples were
immersed in three different experimental solutions in sealed Teflon® vials for up to 30 d at
30 to 90 °C. 180 was used as a tracer for authigenic apatite growth with different sources of
PO., i.e., external PO, derived from sediment with #0-enriched PO4 and internal PO,
mobilized through bioapatite dissolution. Furthermore, this approach will also allow for
investigating the oxygen exchange between dissolved PO4 and water through the #O-

enriched water used in freshwater- and seawater-like solutions (FW and SW, respectively).

The first two experimental solutions had a FW and SW composition, respectively, and both
were labeled with 80-enriched water but did not contain any sediment (Table 4.1). These
experiments aimed at investigating if - and under which hydrochemical conditions - bone
can be mineralized with Ca and POs derived from an aqueous solution. In addition, a FW
solution (without *8O-enriched water) was used in the third experiment together with
artificial sediment containing synthetic 0-doped CHP to trace a PO, transfer from the
sediment to the bone. This third solution’s composition (Table 4.1) continuously changed
during the experiment due to its interaction with the sediment (i.e., dissolution of CHP).
Newly grown HAp can potentially be detected by an *20-enrichment at the sample’s edge
of the experimentally altered bone samples via 80-enriched PO, transfer via the solution
from the sediment because it was not enriched in 0. Such a scenario may constitute a
significant process for bone fossilization in natural sedimentary environments but has not
yet been proven experimentally. Under the sub-boiling temperature conditions (30 to 90 °C)
of the experiments conducted here, the oxygen isotope exchange between aqueous
phosphate and water is slow and thus not be significant during the short duration (30 d) of
the experiments (Lécuyer et al., 1999; O’Neil et al., 2003; Geisler et al., 2009). Thus, newly
grown 80-rich HAp can be directly associated with 80-enriched PO4 provided by the
dissolution of 80-enriched CHP from the sediment. Mineralogical changes in the bone
apatite phase were investigated using confocal Raman spectroscopy, while semi-

guantitative nanoscale secondary ion mass spectrometry (nanoSIMS) displayed the spatial
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80 and %0 distribution and determined the 80/*0 ratios in the altered CB samples.
Furthermore, isotope ratio infrared spectroscopy (IRIS) analyses were performed to
determine the 580 values of the different experimental solutions before and after the
experiments. The experiments presented here constitute a fundamental approach aimed at
studying potential mineralization processes of bone with PO4 from an external source during

early diagenesis.

4.3 Materials and methods

Cylindric CB samples were drilled from the compacta of a tibia of a modern ostrich (Fig.
4.1) and altered in vitro in different aqueous solutions during a previous study (Kral et al.,
2021; chapter 2).
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Figure 4.1 | lllustration of the experimental setup (see chapter 2 for further details). Cylindric CB samples (3.5
mm in height and diameter) were drilled out of the bone’s cortex. The CB samples were placed in 3 mL Teflon®
beakers that contained 2 mL of 180-enriched FW and SW solutions and 3 mL of the FWS solution, which
additionally contained 180-enriched artificial sediment. The Teflon® beakers were placed in a steel container
and heated for up to 30 d at different temperatures (30 to 90 °C) in a custom-made oven. The bone samples
were cut into halves and embedded in Technovit® mounts for further geochemical and isotopic analyses. RS =
Raman spectrometry, IRIS = isotope ratio infrared spectrometry, nanoSIMS = nanoscale secondary ion mass
spectrometry, ICP-MS = inductively coupled plasm -mass spectrometry.

To cover the range of typical natural, near-surface water compositions (i.e., common
diagenetic fluids) as closely as possible, the CB samples were immersed in FW and SW
solutions (Table 1) and were exposed to 30, 60, and 90 °C for up to 30 d (Fig. 4.1). However,
in this study only the 30-days samples from 60 and 90 °C experiments were considered,

because these showed the most significant mpodifcations. The experimental solutions
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contained several elements potentially incorporated post mortem in early diagenetic settings
and are frequently used to assess diagenesis, e.g., F, Sr, rare earth elements (REEs), and U.
Both stock solutions were additionally labeled with 0-enriched water with 97 at.% 20
(Rotem GmbH, Leipzig, Germany) in a ratio of 2 mL of 97 at.% 20 water on 100 mL
MilliQ water from Bonn, Germany, resulting in a §*®Owater = 5,500 %o (Table 4.2). The third
solution with a chemical composition similar to FW (Table 4.1) was prepared for an
experimental series with artificial sediment as an additive (FWS). Here, the solution itself
was not labeled with O-enriched water. Instead, the artificial sediment contained #O-
labelled CHP.

Table 4.1 | Composition of freshwater, seawater, and freshwater plus sediment stock solutions given in ppm
(modified after Kral et al., 2022; chapter 3).

FW SW FWS
B3 2.34 +0.06 3.15 +0.07 1.79+0.08
Na* 100.0£0.2 10,770 £ 22 6.00 £ 0.01
K 100.0 £ 0.2 390.0+0.8 100.0£0.2
Ca** 1,426 £ 15 562 + 6 197 +£5
CI 7752 19,350 + 39 600 + 1
Mg?* 122.0+1.4 859.2+1.7 67.4+15
F 5.00 + 0.01 5.00 + 0.01 5.00 + 0.01
Sr2* 137.6 £ 0.9 140.1+19 122.3+0.2
Zn? 9.6+0.5
Fes* In sediment (see chapter 2)
Lu®* 3.51+0.01 2.63+0.15
Nd3* 1.754 + 0.003 0.66 +0.02 *
us* 16.0+0.2 In sediment (see chapter 2)
1802 12,892.15 + 100 13,313.2 £ 100 1,994.03 + 100

The composition of the stock solution constituents B, Ca, Mg, Sr, Zn, Fe, Lu, Nd, and U was determined using
a Thermo Scientific Element XR [ppm + SD]. The elemental concentration of the remaining elements was
calculated from the weight-in and is given in italic font [ppm £ 0.2 %]. The isotopic composition of oxygen was
determined using IRIS. The weighted substances added to all three solutions are B>Os, NaHCOs, NaF, KClI,
CaClz, MgClz, and SrCl2. The FW solution additionally contained H2180, NaHCO3, CaCl,, FeCls, NdCls, LuCls,
and UO2(NOs)2. The SW solution comprised H2180, NaHCO3z, CaClz, NaCl, Na2SO4, Ca(NOs)2, and ZnCl.. The
FWS solution also contained NdCls and LuCls. Further substances have been added in the form of artificial
sediment (see Kral et al., 2021; chapter 2).

* Note that for Nd, a concentration of 0.66 + 0.02 ppm was determined in the stock solution. However, this value
may be biased because, after only 1 d the Nd concentration (determined multiple times) in the solution was on
average 2.484 + 0.002 ppm. The calculated weight-in was slightly higher than that of Lu, so it seems more
plausible that the initial Nd concentration is higher than 0.66 ppm — the reasons for this large deviation are
presently unknown.

114



The CHP was synthesized by dissolving it in H2'80 (97 at.% *80), equilibrating the solution
for 24 hat 150 °C, and allowing the phosphate to precipitate by evaporation. The 80 content
is currently determined using high temperature conversion elemental analyzer (TC/EA,
Thermo Fisher Scientific Inc., Bremen, Germany), and it was additionally verified by
Raman spectroscopy that 0 was incorporated in significant amounts. More information
about the experimental setup and the composition of the materials used for the experiments
are described elsewhere (Kral et al., 2021; chapter 2).

IRIS analysis was used to determine the isotopic composition of oxygen (5'80) of selected
experimental solutions (30-d FW, SW, and FWS experiments at 60 and 90 °C) and their
respective stock solutions. Aliquots of 0.5 pl were analyzed on a Picarro L2140-i cavity
ring-down spectrometer (Picarro, Inc., Santa Clara, CA, USA). For dilution, MilliQ water
was used (580mo = -5.47 + 0.05 %o). Internal standards (Chamonix2020, 5180 = -14.15 %o,
Kona2020, $*80 = 1.12 %o, and Mainztap2020, 5'80 = -8.78 %.) were analyzed to normalize
the 8'80 values of the samples to the VSMOW-SLAP scale (de Graafet al., 2021). The 5180
value of each sample was given as the average result of a duplicate measurement (3180 +
1SD %o). The precision of the measurements was better than 0.1 %o. The analytical protocol

and information on data calculation are provided elsewhere (de Graaf et al., 2020, 2021).

The pristine control sample and CB samples exposed for 30 d at 60 and 90 °C to FW, SW,
and FWS solutions were selected and prepared for nanoscale secondary ion mass
spectrometry (nanoSIMS) analyses. A nanoSIMS 50L system (CAMECA SAS,
Gennevilliers Cedex, France) equipped with a Cs* ion beam was used to generate oxygen
isotope distribution maps (**0 and *0) of 40 um x 40 pum large areas along the sample’s
edge, consisting of 512 x 512 px. Details on the measurement procedure can be found in
Kral et al. (2022, chapter 3). The plugin OpenMIMS v3.0.5 (http://nano.bwh.havard.edu)
was used in Fiji v1.53c (Schindelin et al., 2012) for generating and processing the nanoSIMS
images. For color-coding of the 0 and °O isotope distribution maps and to display
modifications of the 80 distribution relative to the %0 distribution in the analyzed areas,
the uniformly-scaled Viridis color palette was used. The 0/*°0 value was determined by
the counts per pixel extracted from the nanoSIMS images. The Poisson counting error was
determined for both the 80 and 0O counts, and the uncertainty of the ratio was determined

by error propagation.

A confocal LabRam HR800 Raman spectrometer (Horiba Scientific, France) was used to
study structural changes of the CB samples (n = 6) derived from 30-day experiments at 60
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and 90 °C. Raman spectra were excited with a 200 mW diode-pumped solid-state laser
(783.976 nm) and detected in the range of 150 and 2,000 cm™* with a spectral resolution of
1.94 +0.02 cm™ in the frequency range of interest, which was empirically estimated from
the line width of Ne lines. For the measurements, a 100x objective with a numerical aperture
of 0.9 and a confocal hole of 1,000 um was used. The spectrometer entrance slit was set to
100 pum, and a diffraction grating with 600 grooves/mm was used to disperse the
polychromatic scattered light onto an electron-multiplier charge-coupled device (CCD)
detector. The acquisition time per spectrum was 20 s with two accumulations. The first-
order band of a pure silicon standard at 520.7 cm™ was used to calibrate the spectrometer
before each measurement. The analysis area covered the edges of the sample. Least-square
fitting of an asymmetric Gauss-Lorentz function and a linear background was performed to
determine the frequency of the vi(POa) fully symmetrical stretching band of apatite near
960 cm™ and its width, given as the full width at half maximum (FWHM). Then, the width
was corrected for finite slit width effects (Tanabe & Hiraishi, 1980). This correction was
also applied to all reference data based on the spectral resolution given in the respective
publication. For more details about the fitting procedure the reader is referred to Barthel et
al. (2020), Geisler & Menneken (2021), Weber et al. (2021), and Kral et al. (2022; chapter
3).

4.4 Results
4.4.1 Oxygen isotope composition of the experimental solutions

Stable oxygen isotope analysis was performed on stock and experimental solutions, the
results are summarized in Table 4.2. The FW and SW stock solutions were initially enriched
with 80 and yielded §*0 values of 5,430 + 19 %o and 5,640 £ 123 %o, respectively. After
the termination of the experiments, the §*80 values of the FW solutions were about 5 to 10
% lower than their initial value (Table 4.2). In the SW solution from the 90 °C experiment,
the 580 value was reduced by about 9 %, while it increased by about 3 % in the 60 °C
experiment (Table 4.2), which is assumed to represent an outlier. In any case, the reduction
in the 580 value suggests that some oxygen isotopic exchange reactions between bone and
solution have taken place. In contrast, the FWS stock solutions were not enriched with 20
and had a negative §'80 value of -5.47 + 0.10 %o (Table 4.2).
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In these experiments, the only source for 0 was the dissolving CHP in the sediment, and
80 should mainly be bound to the dissolved aqueous phosphate species since the oxygen
isotope exchange between water, and aqueous phosphate is slow under the experimental
conditions (Lécuyer et al., 1999; O’Neil et al., 2003; Zazzo et al., 2004). In addition to
experiments with CB and sediment, complementary experiments only with the stock
solution and the sediment were carried out to determine the interaction between 80-doped
sediment and the experimental solution. All FWS solutions from the 60 and 90 °C
experiments are characterized by 50 values that are slightly but statistically significantly
larger than those of the stock solution, with the largest changes observed for the 90 °C
experiment (Table 4.2). This shows that *O-doped CHP dissolved, and little O-exchange
between the O-labelled phosphate and the solution occurred. However, the final 80

enrichment was only about one-sixth of the enrichment in the FW and SW experiments.

Table 4.2 | Oxygen isotope composition of stock and experimental solutions.

350 20  A(3FO)

Sample 180/1%0 t 20
(%o) (%o) (%)

Stock solution FW 5430 19 0.0128922 0.0001700
FW, 60 °C 4853 589 -10.63 0.0117353 0.0055047
FW, 90 °C 5180 66 -4.60 0.0122465 0.0006077
Stock solution SW 5640 123 0.0133132 0.0010508
SW, 60 °C 5804 1 291 0.0136420 0.0000105
SW, 90 °C 5170 276 -8.33 0.0123709 0.0025035
Stock solution FWS -5.47 0.10 0.0019940 0.0000002
FWS, 60 °C -4.66 0.22 14.81 0.0019957 0.0000004
FWS, 90 °C -3.00 0.01 45.16 0.0019990 0.00000002
FWS, 60 °C (without bone) -5.38 0.30 1.65 0.0019942 0.0000004
FWS, 90 °C (without bone) -4.30 0.04 21.39 0.0019964 0.0000001

FW = freshwater, SW = seawater, FWS = freshwater plus sediment

4.4.2 Oxygen isotope distribution in altered cortical bone

The 80/*%0 distribution in the pristine CB sample and the CB samples exposed for 30 d at
60 and 90 °C to FW, SW, and FWS solutions were imaged by nanoSIMS. The 80/*%0
values are given in Table 4.3. The average '0/*°0 determined from the pristine CB sample

is 0.002358 with a 2-sigma precision of = 0.9 %, which, however, represents the Poisson
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counting error only and should thus be considered an internal error (Table 4.3). This value
is significantly outside the range of the oxygen ratio in natural waters between 0.00191 to
0.00219 (de Laeter et al., 2003). It also differs significantly from those obtained from the
center of the experimentally altered samples, which are assumed to be not altered. This
assumption is reasonable considering that alteration should have increased the 80-°0 ratio
as the solutions were heavily enriched in 80. It follows that the large scatter indicates
additional sources of errors, which are most likely related to different sputtering conditions
under different sample orientations and on different days. A weighted average 30/*%0 of
0.00185 and an empirical 2-sigma standard error of + 0.00078 were obtained from these
measurements (Table 4.3). Thus, 0/**0 values larger than about 0.00263 can be

considered to reflect a statistically significant 20 enrichment.

Table 4.3 | 180/160 values extracted from nanoSIMS isotope distribution images.

Sample Pixel no. Sample center Pixel no. Reaction rim
80/1%0 (ppm)  *20* 80/1%0 (ppm) £20*

Unaltered 260,610 2,358.46 21.81

control

FW, 60 °C 236,544 1,253.96 4.08 NoO reaction rim was

FW, 90 °C 227,840 1,732.48 6.39 observed

SW, 60 °C 224,840 1,568.55 4.67

SW, 90 °C 225,792 2,363.78 4.24

Weighted 1,855.45 788.17%

average

FWS, 60 °C 244,698 2,837.08 10.76 28,296 6,654.92 13.03

FWS, 90 °C 244,224 5,813.73 6.35 37,036 11,478.23 16.43

(*) Internal counting errors estimated from the total 180 and 160 counts obtained from the nanoSIMS images
with the exception of the value marked with 8 which represents the standard error of the five measurements
from the centers of the unaltered, the FW, and SW CB samples. By taking an average, it is assumed here that
these measurements all come from areas that have not been altered and thus provide an estimate of the
accuracy and the external reproducibility between different samples measured under different sputtering
conditions.

The CB samples exposed to ¥0-containing FW and SW solutions for 30 d at 60 and 90 °C
do not show a difference in ¥0/*0 between the edges and the center of the bone samples
(Figs. 4.2A-D, 4.3A-D). However, along the edges, these samples are enriched with several
other elements originating from the solution, including F (Fig. 4.2B, D), U (Fig. 4.2A), and
Sr (Fig. 4.2C) as well as Zn, Mg, Lu, and Nd as described and discussed in detail in Kral et
al. (2022; chapter 3). In contrast, the nanoSIMS *80/**0 images of the FWS samples show
irregular inwardly delimited 80-enriched domains (Figs. 4.2E, F, 3E, F). Occasionally, the

80-enriched domains penetrate deeper into the bone along microcracks (arrow in Fig. 2E

118



and F). In agreement with Kral et al. (2021, 2022 see chapter 2 and 3, respectively), this rim

is called reaction rim (RR) in the following.

A Freshwater 60 °C B Freshwater 90 °C

C Seawater 60 °C D Seawater 90 °C

e

Figure 4.2 | Isotope distribution images obtained by nanoSIMS of CB samples that reacted at 60 and 90 °C for
30din (A, B) FW, (C, D) SW, and (E, F) FWS containing 180-enriched CHP. The images display the isotopic
ratio of oxygen at each pixel (0.078 um) obtained by dividing the 160 and 180 counts of each pixel compared to
the isotope distribution of (A) 238U, (B) °F, (C) 8Sr, (D) 19F, (E) 1°F, and (F) 8Sr. The white boxes mark the
regions from which nanoSIMS 180/6Q0 profiles were derived (see Fig. 4.3). The size of each image is 40 x 40
pma2,

The average 0/*°0 calculated from selected areas of the RR is 0.006654 + 0.2 % for the
60 °C sample (Table 4.3). This value is statistically significantly higher than the ratios
measured in the center of the pristine sample (Fig. 4.3E, F). In the 90 °C sample, the 0

enrichment was even more pronounced along the edges and reached far deeper into the CB

119



sample (Figs. 4.2F, 4.3F). The average 0/*%0 in the sample center and the RR were
0.005813 + 0.1 % and 0.011478 + 0.1 %, respectively (Table 4.3), i.e., in this case, even the
center of the CB sample is significantly enriched in ®0. It is noteworthy that the F

enrichment correlates well with the observed 80 enrichment (Fig. 4.2E).
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Figure 4.3 | NanoSIMS 180/16Q profiles of the CB samples displayed in Fig. 4.2. The 180/16Q profiles show the
change of the ratio from the edge of (A, B) FW, (C, D) SW, and (E, F) FWS samples towards the center. The
180/160 profiles were derived by integrating the counts of an area (marked as white boxes in Fig. 4.2) of 4 um
in the x-direction and 30 to 38 um in the y-direction, depending on the thickness of the area covered by resin
which was excluded from the plot. The dashed red line marks the 180/160 of the pristine CB sample, while the
straight red and blue lines display the stable oxygen isotopic composition of the starting solution and the
experimental solution after terminating the experiments.
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4.4.3 Mineralogical features of altered bone apatite

Confocal Raman spectroscopy was used to assess possible mineralogical changes associated
with the experimental treatment of the CB samples. The bandwidth I', given as the FWHM,
and the position (frequency v) of the vi(POs) fully symmetric stretching band are two
essential parameters that have previously been used to obtain information on the structure
of the bone apatite (Thomas et al., 2011; Dal Sasso et al., 2018; Barthel et al., 2020; Weber
et al., 2021; Kral et al., 2022; chapter 3). Figure 4.4 shows a plot of both parameters from

the experimentally altered CB samples and reference data from various sources.

966
Magmatic . b‘ N
FAp v =
965 7 \\(Q_;
. o & o
— ‘\ 2 Fluoridated V=
~ 7 Ne, modern shark
E \\\O’// tooth -}"
N ! + ~
O 964 - *\\ : X Fluoridated
St S : : fossil lizard
(N
> 1 S \. bone
- . Elephant dentin
. S8 L ’ Trend for horse
a 963 - .. pu.re g& treqt?d in hi .ghl y Sn, @ dentin treated
nano-crystalline < 2% - » : 5
2 acidic solution ~
C HAp o W in NaF solution
a, | . i, P
= X v Treng, ”%3.
@ 962+ R *
| S . * -
L ] Ca SN 99
@ Pristine bone tn’"‘-"‘
Synthetic Na-Cl-
961 - | ©90°C Freshwater bearing, nano-
[ 90 °C Seawater crystalline HAp
41| ®90°C
@ 60°C Freshwater + sediment
960 e ——— .- :
2 4 6 8 10 12 14 16
FWHM__, T (cm™)
corr’

Figure 4.4 | Plot of Raman spectral parameters. The frequency, v of the vi(PO4) band of pristine and altered
CB samples as a function of its bandwidth, I, compared to various reference data: modern and fluoridated
fossil lizard bone (Barthel et al., 2020), modern fluoridated shark tooth and the trend for horse dentin altered in
NaF solution (Pasteris & Ding, 2009), magmatic FAp and modern elephant dentin altered in a highly acid,
nominal F-free solution at 30 and 90 °C for different durations (Weber et al., 2021), synthetic nano-crystalline,
stoichiometric HAp (Asjadi et al., 2019), and synthetic nano-crystalline, Na- and Cl-bearing HAp (Thomas et
al., 2011). Trends labeled I, Il, and Ill are explained in the text. Ellipses represent the 95 % confidence limit of
the single measurements. However, the small green ellipse on the top of the data from pristine CB represents
the 95 % confidence limit of the mean. To assure comparability, all bandwidths were corrected for finite slit
width broadening using the given spectral resolution and the equation of Tanabe & Hiraishi (1980).
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The Raman spectral parameters from the pristine control sample (n = 232) show a distinct
variability due to the natural heterogeneity of the CB sample; the vi(PO4) band position
ranges from 960.0 to 961.5 cm™* with an average value of 961.0 + 0.2 cm™ and the FWHM
lies between 12.7 and 15.0 cm™ with an average value of 14.1 + 0.3 cm™. The 95 %
distributions of single measurements and their mean are given in the diagram by green
ellipses. The length axis of these ellipses, representing the reduced major axis regression,
has a slope dv/dI" of — 0.40 and, as such, points to the position of magmatic FAp (Trend Il
in Fig. 4.4). It is noteworthy that the reduced major axis slope agrees very well with the
slopes observed for both modern and fluoridated fossil lizard bones (Barthel et al., 2020).
By looking at the frequency versus bandwidth relationship for the RR data of the CB
samples altered for 30 d at 90 °C (colored in yellow respectively red in Fig. 4.4), it is
instantly noticeable that in all experiments, the nano-crystalline bone apatite matrix must
have been significantly altered, which is reflected by a clear shift of the vi1(PO4) band to
higher frequencies (wavenumbers) and to lower bandwidths compared to the data from

pristine CB.

The data of all altered samples together define a fan-shaped region. In contrast, the data
from the RR from the CB of the samples of the FWS experiments (red symbols, n = 1139)
are clearly distinguishable from those from the RR from the CB samples of the SW (yellow
squares, n = 405) and FW experiments (yellow circles, n = 450). They define a broad trend
that evolves towards higher wavenumbers and decreasing bandwidths. Towards lower
frequencies, the spread of the data is limited by Trend Il, connecting the pristine bone apatite
and magmatic FAp. Moreover, it appears that the data from experiments without sediment
and one part from the experiment with sediment follow a steeper linear array with a slope
dv/dI" of about — 1.2 (Trend Il in Fig. 4.4) that runs parallel to the initial trend defined by
horse dentin that had experimentally been fluoridated in NaF solution (Fig. 4.4; Pasteris &
Ding, 2009).

In contrast, the data from the RR of the 90 °C FW sample only show, on average, a
significant shift towards higher frequencies but with a significant overlap with data from
the pristine CB, as already reported by Kral et al. (2022; chapter 3). The reduced major axis
slope, i.e., the orientation of the length axis of the confidence ellipse, is comparable to that
given by Trend Il (Fig. 4.4). The Raman frequencies of the vi1(PO4) mode obtained from
the RR of the SW sample are significantly higher than those from pristine bone. In contrast,
on average, the vi(PO4) bandwidth shows only a minimal decrease, i.e., the data are mainly

blue-shifted. Their 95 % confidence ellipse is oriented almost parallel to those of the pristine
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CB. A similar picture emerges for the Raman data from the RR formed at 60 °C in FW
solution, which are not shown here but reported in Kral et al. (2022; chapter 3). However,
this data is characterized by an even larger bandwidth, on average, than that of pristine CB,
resulting in a positive slope tie-line between pristine and altered CB on the frequency versus

width plot.

45 Discussion

This study applied a novel experimental approach using an oxygen isotope tracer to
investigate potential bone mineralization during early diagenesis. Two types of experiments
were performed with a FW solution with and without initial 30 enrichment and for further
comparison with a SW solution highly enriched in 80. However, the non-enriched FW
solution was in contact with synthetic sediment containing O-enriched CHP, which
provided a continuous source for 0. The rationale here was to use a tracer to distinguish
between bone apatite recrystallization and new apatite mineralization. Aqueous PO4 only
slowly exchanges oxygen with water at the temperature and duration of the experiments (t12
=380 dat 75 °C and 23 d at 100 °C, Lecuyer et al. 1999), in particular when considering
that the residence time of PO4 in solution is limited to clearly less than 30 d since it was
continuously added to the solution by the dissolution of CHP. Therefore, recrystallization
of bone apatite in an 80-labeled but POs-free solution is not expected to be reflected in a
significant enrichment of 80, although some exchange via the OH groups can occur if they
are not replaced by F. However, if aqueous *80-labelled PO4 from the dissolving CHP
precipitates as new apatite inside the CB, a significant enrichment of 20 in altered CB

would be expected. In fact, this is precisely what was observed.

The most striking finding is the detection of a strong enrichment in 20 in the 10 to 40 pm
thick RR of CB treated at 60 and 90 °C in a solution with an artificial sediment added that
included *80O-doped CHP (Figs. 4.2E, F, 4.3E, F). The 80/*°0 in the outer part of the 90 °C
FWS samples locally reached a maximum ratio of 0.0274 with an average of 0.011478 *
0.14 %, which is significantly higher than the VSMOW ratio of 0.002005 = 0.02 %
(Baertschi, 1976). The 20 enrichment in the 60 °C FWS sample did not extend further than
a maximum of 10 um into the center of the CB (Figs. 4.2E, 4.3E). However, the nanoSIMS
isotope distribution image clearly shows that in the 90 °C sample, areas 40 um away from
the surface were significantly enriched with 80 (Figs. 4.2F, 4.3F), indicating a strong

temperature influence of phosphate transport into CB. In stark contrast, no significant 20
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enrichment in CB was detected from experiments without sediment, although the FW and
SW solutions were highly enriched with 80, and the outer edges of the CB samples are
characterized by significant chemical modifications (Fig. 4.2A-D). Thus, an atomic
exchange of the POs molecule oxygen atoms against 80 from the aqueous FW and SW
solution did not occur. POys is a relatively inert molecule due to strong P-O bonds (Winter
et al., 1940) and quite resistant against O-exchange with H,O molecules at Earth surface
temperatures of up to 70 °C and neutral to alkaline pH conditions (Winter et al., 1940;
Lécuyer et al., 1999; O’Neil et al., 2003; Chang et al., 2021) — the latter applied to all three
types of solution (Kral et al., 2021; chapter 2). Generally, this observation demonstrates that
in the FW and SW experiments, the incorporation of elements from the solution was
uncoupled from the incorporation of 180. It follows that the observed 80 enrichment in CB
from the FWS experiments is unequivocal experimental evidence for the mineralization of

CB through newly grown authigenic apatite, especially in the RR.

The Raman spectra did not deliver any evidence for the formation of other mineral phases
than apatite in the altered CB samples, for example other calcium phosphates or fluorite.
However, the relationship between the frequency and bandwidth of the vi(PO4) mode of
bone apatite indicates that significant structural and/or mineralogical changes must have
occurred. From a physical point of view, it is to be expected that the frequency and lifetime
(represented by the bandwidth) of an excited atomic vibration in a disordered,
nanocrystalline solid solution such as bone apatite are negatively linearly correlated with
each other. At the same time, the absolute values and the slope depend on structural
properties such as defect density, substitution mismatch, and crystallite size. For instance,
the recrystallization of bone apatite in an F-free solution should result in a trend directed
towards stoichiometric, pure nanocrystalline HAp. Such a trend has indeed been observed
recently by Weber et al. (2021), who altered modern elephant dentin for up to 63 d in a
nominally F-free, highly acidic solution at 30 and 90 °C (Fig. 4.4). Some Raman data from
reacted dentin define a linear trend with a relatively flat slope dv/dI" of about — 0.14 (labeled
Trend | in Fig. 4.4) before bending towards higher frequencies. These authors explained the
observed kink away from Trend | to higher frequencies by the release of F from the Teflon®
reactor at higher temperatures and durations, resulting in the increasing formation of an F-
bearing apatite phase, i.e., a shorter average P-O bond length which is reflected by a higher
v1(POs) frequency (e.g., Penel et al., 1997; Lanfranco et al., 2003; Thomas et al., 2007,
2011). In a previous study, Kral et al. (2022; chapter 3) have shown by nanoSIMS and
EMPA imaging that the RR of both FW and SW samples are enriched with F (Fig. 4.2B, D,
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E). When interpreting the Raman data from bone material, however, it should be kept in
mind that due to the nanocrystalline nature of the apatite phase(s), a Raman spectrum
represents a mixed spectrum from thousands of nano-crystallites and consequently the
derived Raman parameters. In all three experiments, F was initially present in a solution
with a concentration of 5 mg/L, potentially allowing for the crystallization of F-bearing
apatite. And indeed, the observed shift of the vi(PO4) mode frequency to higher values in
altered CB compared to those from the pristine reference sample clearly indicates the
formation of F-bearing apatite. However, this frequency shift is only accompanied by a little
reduction of the measured bandwidth, which has also been observed during the experimental
and in situ monitored fluoridation of horse dentin (Pasteris & Ding, 2009). These as well as
other authors (Ren et al., 2019) suggested that fluoridation occurred by an interface-coupled
dissolution-reprecipitation process during which bioapatite nano-crystallites partially
dissolved stoichiometrically and released Ca and P to the F-bearing solution, which caused
the supersaturation and precipitation of a FAp-HAp solid solution from an interface fluid
film, gradually replacing the original bioapatite pseudomorphically. The process is driven
by the difference in solubility between bioapatite and highly insoluble FAp. The formation
of several nanometer-thick surface layers of FAp on bulk HAp has indeed experimentally
been observed but was attributed to kinetically-controlled diffusion of F from the HAp
surface into the crystal (Lin et al., 1981; Muller et al., 2010) or the result of an adsorption
mechanism (e.g., Sternitzke et al., 2012; Mosiman et al., 2021). However, such an interface-
coupled replacement process has been shown for many solid solution-aqueous solution
systems (SSAS) to be favored over diffusion-controlled processes, particularly at low
temperatures (Putnis, 2002; Prieto, 2009; Putnis et al., 2009; Ruiz-Agudo et al., 2014). In
any case, the fluoridation process leads to a composite material on the nanoscale with an F-
rich rim and a bone apatite core. It is well conceivable that the new interface formed between
the two nanocrystalline apatite phases may cause additional band broadening, which will
decrease once FAp fully replaces the bone apatite nano-crystallites. In fact, the kink of the
fluoridation trend for dentin towards decreasing bandwidth (Fig. 4.4), as observed by
Pasteris & Ding (2009), may be explained by the complete replacement of bone apatite by
FAp. Whereas the Raman parameters from experiments without sediment follow the
steeply-sloped Trend Il1, the data from the FWS experiments with POs-delivering sediment
seem to split into two groups (red symbols in Fig. 4.4). It, therefore, appears to be obvious
to link these two groups, following Trends Il and I1I, to (i) variable fractions of a newly
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crystallized, nanocrystalline and F-bearing apatite and (ii) recrystallized and thereby

fluoridated nanocrystalline bone apatite, respectively.

Most of the original bioapatite in fossil bone has been replaced by a secondary, more stable
apatite phase of larger crystallite size - generally COs-FAp (Berna et al., 2004; Trueman et
al.,, 2004; Piga et al., 2016). It is widely assumed that bone recrystallization and
mineralization occur during the early stages of fossilization (Nielsen-Marsh & Hedges,
2000; Trueman et al., 2004, 2008; Kohn, 2008). However, it is still unclear how quickly
bone recrystallization begins post mortem and what are the specific processes as there are,
e.g., diffusional ionic exchange, surface adsorption, and uncoupled and an interface coupled
dissolution-recrystallization (Neuman & Mulryan, 1951; Kelly & Bassingthwaighte, 1977;
Fernandez-Seara et al., 2002; Marenzana et al., 2005; Trueman et al., 2008; Kohn & Moses,
2013; Keenan & Engel, 2017; Konrad-Schmolke et al., 2018; Renard et al., 2019).

In a rare study, the O-exchange between (POa)sq and H20, the compositional stability of the
COs (81C, 8'80¢) and PO (8™0p) group in bioapatite was investigated under biotic and
abiotic conditions by exposing bone and tooth powders to 3C- and '#0-labeled aqueous
solutions (Zazzo et al., 2004). It was found that chemical alteration, i.e., rapid incorporation
of 13C and 20 into the bioapatite phase of bone either by isotopic O-exchange or the
formation of secondary minerals, starts only a few days after death, even before structural
modifications become apparent. PO4appears to be more resistant against O-exchange under
inorganic conditions than carbonate, which was reversed under microbial conditions. It was
suggested that such exchanges would also occur in nature within a few days after death,
which basically agrees with the observation, that chemical modifications start before
changes in the bone histology occur (Kral et al. (2021, 2022, see chapter 2 and 3,
respectively). Based on short-term aqueous alteration experiments, these authors showed
that element uptake and incorporation into bone occured within the first few days of
exposure to an external fluid, while the CB microarchitecture remained relatively
unchanged. However, the data presented here can confirm only partially the second
assumption regarding the O-exchange resistance of POsand COs. Zazzo et al. (2004) stated
that under inorganic conditions, as present in the current study, COs is less resistant against
O-exchange than PO4 due to weaker C-O bonds. The present study showed that the isotopic
O-exchange between aqueous solution and bone apatite was insignificant even after four
weeks at 90 °C in both FW and SW solutions. This is because POy is initially released during
the congruent dissolution of bone apatite and then reprecipitated as new, possibly F- and

COs-bearing apatite along an inwardly moving replacement front, producing pseudomorphs
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of the original nano-crystallites. However, data from the present study does not show
evidence for ®0-enrichment in four weeks under high-temperature conditions (90 °C),
which should accelerate the processes. Thus, the nanoSIMS data show indirectly that no
substantial 80 isotopic exchange did not occur in PO4, CO3, and OH. An explanation for
the different results may be that Zazzo and colleagues (2004) used bone and tooth enamel
powders, while Kral et al. (2021, 2022, see chapter 2 and 3, respectively) used intact CB
samples. The powders have a much larger surface-to-volume ratio than intact bone samples,
artificially increasing the oxygen isotope exchange rate, which is a surface-driven process.
This result implies that the O-exchange between aqueous solutions and bioapatite is
distinctly slower than previously assumed if external POsand probably CO3 sources are not
present. External PO4 can be present in the embedding environment, either as an already
dissolved ion in the diagenetic fluid or in a solid form in the sediment, dissolving over time.
In either scenario, the post mortem incorporation of external PO4 occurs rapidly and thus
distinctly accelerates bone fossilization. Consequently, the oxygen isotope signature is

altered rapidly due to the formation of newly grown FAp, at least in the RR of the CB.

4.6 Conclusion

The in vitro alteration experiments using mm-sized CB cylinders at sub-boiling
temperatures in aqueous solutions were aimed at determining the phosphate’s provenance
for bone mineralization. No evidence of newly grown apatite crystallites and oxygen isotope
exchange was found in bones exposed to aqueous solutions at low-temperature conditions
lacking a sedimentary phosphate source. However, it was demonstrated that uptake of
dissolved PO into the bone occurred in the presence of a sedimentary phosphate source,
and new FAp began to form. This is evidenced by '0-enriched PO, transfer from sediment
to bone and changes in Raman parameters (higher v1(PO4) wavenumbers and lower FWHM)
in the RR. This indicates that bone started to be rapidly mineralized by new, energetically
more favorable, and less soluble FAp within a few weeks after exposure to an aqueous
environment with an external PO4 source. Thus, it is conceivable that the incorporation of
external sedimentary PO4 causes its oxygen isotope signature to be incorporated into the
altered bone mineral phase so that in the RR (later possibly throughout the entire bone), a
mixture of primary and secondary incorporated POs determines the §%0pos value. An
external PO4 source greatly accelerates the fossilization of the bone, leading to a more

rapidly altered oxygen isotope signature than in a diagenetic setting without additional
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external PO4. Therefore, a lack of accurate information about the burial and diagenetic
environment can bias the interpretations of 520p values and thus have implications on the

reconstruction of, e.g., paleotemperatures or the composition of past environmental waters.
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5 Synopsis

The present thesis was designed to study the effect of diagenetic alteration processes on
organic and inorganic components of cortical bone from the millimeter down to the atomic
scale. Therefore, three different time- and temperature-controlled, in vitro bone taphonomy
experimental series were performed, followed by an in-depth state-of-the-art analysis of the

respective experimental run products.

The introductory chapter describes bone diagenesis and outlines the aims of this thesis. In
the second chapter, a comprehensive JCT study is presented. Here, the effect of aqueous
alteration on the microarchitecture of the cortical bone samples was characterized and
documented in three dimensions before and directly after the experiments. It was concluded
that despite slight chemical (reflected as a bright reaction rim) and gravimetric changes, the
microarchitecture was generally well-preserved, even under extreme physicochemical
conditions. Another important finding was that the most substantial modifications occurred
in freshwater than seawater solutions. Thus, the composition of the aqueous solutions
controlled the changes in the organic and inorganic phases the most. The visualization of
the entire bone structure was used to systematically identify areas where changes occurred.
Based on the uCT results, chemical and mineralogical investigations on the micrometer
down to the atomic scale were performed and are presented in the third chapter. It was found
that massive elemental uptake from the solution into the bone sample occurred within the
first few days of the experiment. This was reflected by different enrichment patterns
predominantly in the reaction rim of the cortical bone, however, with a slight time delay.

The most significant finding from this study is that element incorporation is controlled by
transport and reaction processes instead of diffusion processes, as previously assumed. For
instance, such reaction and transport processes led to deeper penetration of magnesium into
the bone in less time. The third chapter shows that after only a few weeks, the reaction rim
areas of cortical bone samples were mineralized with newly grown fluorapatite. These were
exclusively derived from experiments with an external ¥0-labeled phosphate source. Bones
derived from the control experiments without sediment were not mineralized by newly
formed fluorapatite crystallites. It follows that apatite cannot be recrystallized only with
calcium and phosphate derived from the solution within this short time frame. This changes
our understanding of oxygen isotope exchange between bioapatite and aqueous solutions

during early diagenesis.
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5.1 Implications

From the results of this thesis, new insights into the initial process of bone alteration

emerged and can be explained using the example of the freshwater experiment (Fig. 5.1):

Overall, the initial bone alteration process can be divided into three main phases, which
initially proceed according to a specific sequence (Fig. 5.1A-C). However, these phases

overlap and occur simultaneously to a certain extent from a certain point on.

The experiments showed that interactions between both started immediately after
immersing the cortical bone samples in the solution. The solution penetrated the cortical
bone samples via the cortical canals, (micro-)cracks, and micro- and nano-porosity within a
single day (Fig. 5.1A). Collagen-solution interaction caused a temporary swelling of the
collagen fibers for about one day, resulting in a significantly decreased pore space.
Dissolved ions were transported and distributed into the cortical bone depending on their

physicochemical properties, thus initiating element uptake (Fig. 5.1B).

The observed formation of microcracks enhanced solution penetration and thus bioapatite
dissolution. Within the first three days, the pore fluids had already reached element-specific
saturation levels and the incorporation of elements into the cortical bone occurred in steps
of different velocities. First, fast transport of solution and dissolved elements led to the
distribution of specific elements into and partially throughout the entire cortical bone
sample, e.g., Sr, Mg, or Zn. The elements with high adsorption coefficients like Nd, Lu, or
U were solely concentrated in the reaction rim and likely first bound by adsorption onto

collagen fibers and crystallite surfaces (Fig. 5.1B).

Over time and with increasing temperature, collagen is degraded, reflected by a distinct
weight loss in the samples. Thereby, on the one hand, elements bound to collagen peptide
chains were released into the pore fluid. On the other hand, bioapatite crystallites were
exposed to the pore fluid even more. Apatite dissolution was enhanced, but recrystallization
processes were also facilitated due to saturation or supersaturation in pore fluids (Fig. 5.1C).
In the reaction rim, a transition from a purely transport-controlled process (}*’Nd) to a
transport-reaction process (1"°Lu) was observed, whereby the reactive part is more dominant
the larger the atomic number (?*8U). Instead of diffusive processes, these processes were
suggested to be responsible for element incorporation. Diffusion is a much slower process,

which is more likely to be of importance in later stages of bone diagenesis.
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Figure 5.1 | Schematic illustration of the three main phases of the early diagenetic bone alteration process. (A)
illustrates the fluid transport into bone via (micro-)cracks, cortical canals, and micro- and nano-porosity. (B)
Phase Il shows the adsorption of dissolved ions onto bioapatite crystallite surfaces and collagen fibers while
apatite dissolution and collagen degradation occur. Collagen is colored in yellow and bioapatite in green. The
circles represent different dissolved ion species. (C) shows the apatite and collagen replacement + new apatite
growth as well as the incorporation of adsorbed elements in the new apatite. RR = reaction rim. Arrows indicate
the direction of mass transport.
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At the same time, a dissolution-transport-reprecipitation process, for instance, operating
during Ostwald ripening, led to the relocation of calcium and phosphate from the rim area
further into the cortical bone. This is reflected by filling and subsequent disappearing of the
microcracks, which cannot be traced after 21 to 30 days, implying the formation of
authigenic apatite. In the reaction rim, bioapatite nano-crystals re-equilibrate through a
temporally- and spatially-coupled dissolution-reprecipitation process, ultimately leading to
the formation of carbonated fluorapatite (Fig. 5.1.C-a, c) or hydroxylapatite if fluorine is
absent (Fig. 5.1.C-b).

At this point, it must also be differentiated between freshwater and freshwater plus sediment
experiments. In the freshwater plus sediment experiments, new fluorapatite crystallites are
additionally formed from 80O-labelled phosphate derived from the sediment source (Fig.
5.1-c). In contrast, it is suggested that only carbonated fluorapatite was formed in freshwater
experiments due to dissolution-reprecipitation processes, but no new fluorapatite or
hydroxylapatite crystallites (Fig. 5.1C-a, b). Thus, in both cases, the chemical and structural
modification of the organic and inorganic phases of the cortical bone samples was already
active directly after exposure to an aqueous solution, while only under the presence of a
sedimentary phosphate source, the mineralization process was significantly accelerated, and

the oxygen isotope signature of the bone was rapidly modified.

The modifications in seawater samples cannot be easily identified because of the chemical
conditions, i.e., the pH was in the range of the recrystallization window, in which dissolution
and reprecipitation are balanced. Thus, the weight loss might have been counterbalanced by
apatite recrystallization. This assumption is supported by the increased, but finally, after 30
days, decreased porosity. Therefore, in this model, the focus was placed on the freshwater

series.

Methodological implications also emerged from this study. Generally, a practical result of
the experiments and multi-method approach using analytical techniques with different
resolutions was to show that it is crucial to not only rely on a single method. Due to the fine
hierarchical structure and thus the chemical composition of cortical bone, it is possible only
to a limited extent to detect chemical modifications in detail using EMPA, LA-ICP-MS, or
any other methods with a spot size in the um range. In such a case, every measurement
covers much larger unaltered than altered areas, thus leading to mixed analysis and average
signatures, concentrations, or distribution patterns, which has serious implications for data

interpretation. Furthermore, combining imaging and quantitative techniques was also very
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useful. For instance, it was observed that large numbers of microcracks were formed within
a few days after the bone’s exposure to the solution, thereby enhancing the solution
penetration and element transport. However, after 21 to 30 days, most microcracks were
sealed again without showing significant differences in bone composition, thus allowing the
identification of the microcracks, probably due to the filling by authigenic apatite which,
however, can only hardly be differentiated from the original bioapatite phase. Collagen
hydrolysis and recrystallization began quickly after the cortical bone samples got into
contact with the aqueous solution, leading to the dissolution of bone apatite at one place and
the recrystallization at another (e.g., via Ostwald ripening), but without changing the overall
morphology significantly (pseudomorphosis). This has serious implications for any research
field focusing on paleo-reconstruction.

It is usually assumed that the inner parts of cortical bone are less altered and modified by
diagenetic processes; however, even if the bone looks intact and well-preserved, it is does
not necessarily mean that it is. The results presented here show that relying only on a single
method for interpretation would have led to a false impression. In addition, the approach of
investigating samples qualitatively before quantitative analysis was only rarely used, even
though it would provide an overview of the spatial distribution of elements/isotopes and
enable identifying representative areas for subsequent quantitative analysis. This is of
particular importance as with increasing resolution of quantitative methods, the analytical
volume is decreasing significantly. The risk of analyzing unrepresentative areas and,

therefore, losing important information or coming to incorrect conclusions is high.

5.2 Limitations of the study

In the following, it is briefly discussed what could have been done better in retrospect.

Initially, it was not planned to perform such a comprehensive quantitative uCT study, so
less attention was paid to specific details. One shortcoming was that no phantom was used
as an internal standard during the scans — this would have allowed a more precise
comparison of different samples. However, in the case of the present study, this did not
matter too much because the same bone sample was characterized before and after the
experiments. Thus, each sample was its own reference and allows for internal comparison.

Future studies should consider the use of a phantom as it facilitates the analysis. In addition,
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the scans were performed using an isotropic voxel size of 3 um so that canaliculi could not

be resolved. Therefore, higher voxel and spatial resolutions would be desirable.

Moreover, the elemental composition of the cortical bone samples should initially be
determined by LA-ICP-MS, EMPA, and APT, which, however, worked only to a limited
extent for several reasons. On the one hand, the reaction rim was only a few pm thick, so
the beam size should not be too large (<5 um); on the other hand, the samples were
susceptible to high-energy electron beams or high laser intensities because of their high
organic content and porosity. However, the beam intensity has to be increased to analyze a
sufficient volume at such a small beam diameter. In the present case, this resulted in the
burning of the samples and thus a strong distortion of the elemental composition, especially
for the light elements. For example, the total values of the quantitative electron microprobe
analysis varied between 43 and 120 %. For APT analysis, several cones from the reaction
rim area of three samples were prepared. However, most of them collapsed during the
measurement. Only the signal from only a single cone was strong enough, although but still
weak, to be evaluated. Additionally, the applied currents varied strongly, which led to the
formation of so-called "fir tree" artifacts. The obtained calcium and phosphorus
concentration patterns were anti-correlated; thus, no conclusions could be made about
whether they represent an apatite or non-apatite phase. There are known difficulties with
getting the correct stoichiometry for apatite in APT analyses: for example, the Ca:P ratio is

typically measured at around 14:1, as it was here, while the stoichiometric ratio is 5:3.

Furthermore, one problem for which a solution was not yet found was the penetration of the
embedding resin into the pore space of the samples due to the low viscosity of the resin and
the bone’s porosity. Here, Technovit® 5071 was used, an organic methyl methacrylate-
based resin that did not affect the nanoSIMS and EMPA measurements. However, it did
affect the Raman measurements, because the Raman signal from the penetrated resin
overlapped or caused shifts of the bone Raman bands. Although the outermost reaction rim
areas were concerned, the results were not significantly affected or distorted, because
specific Raman bands characterized the infiltrated resin. This allowed the affected area to
be precisely delineated and these spectra were then sorted out. Nevertheless, an approach
should be found to embed the samples without allowing the resin to penetrate the pore space,
especially if the interaction between aqueous solutions and the organic components of the
bone is to be studied.
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Another unforeseen problem that affected the Raman measurements was the composition
of the experimental solutions. Although the composition of the experimental solutions led
to unexpected but important findings, it also hindered specific investigations. For instance,
the added neodymium acted as luminescence centers in minerals, thus leading to strong
photoluminescence signals in the Raman spectra with two maxima at 866 and 872 nm,
which were precisely in the wavenumber range of the collagen components. This made it
almost impossible to investigate whether the Raman spectroscopic parameters of these
particular bands changed under differing experimental conditions. Thus, in this study,
Raman spectroscopy could not be used to conclude the change in the organic phase as

initially planned.

5.3 Outlook

The following are some ideas and suggestions for future studies that have emerged from

this dissertation to be considered in future studies:

e As mentioned earlier, quantitative uCT measurements would benefit greatly from using
a phantom. Moreover, it would probably be worthwhile to perform measurements on a
high-resolution synchrotron beamline with a voxel size of, e.g., 1 x 1 x 1 um. In addition,
small markers could be placed on each sample to facilitate spatial comparison before
and after the experiments. This could, for example, allow a direct comparison of the

changes in the cortical canal network in three dimensions.

e The degradation or preservation of collagen and the underlying processes still raise some
questions and could only partially be answered in this study for the reasons already
discussed. Therefore, it is here proposed to perform the experiments under similar
conditions as in the present studies. However, the freshwater solutions should not
contain rare earth elements, which could act as luminescence centers in minerals,
thereby impeding or even preventing the analysis of collagen bands by Raman

spectroscopy.

e The possibility of analyzing organic degradation products in cortical bone samples by
MALDI-TOF MS and experimental solutions by HPLC should be investigated.

e The preservation or dissolution of bioapatite is strongly dependent on local pH
conditions, especially during early diagenesis. To allow bone preservation, it is assumed
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that a pH window between 7.6 and 8.1 at 25 °C must be present for balanced dissolution
and re-precipitation reactions to occur. However, the exact limiting conditions are

unknown, and further research on this aspect is needed.

In vitro taphonomy experiments of biogenic apatite in isotope-enriched tracer solutions
under conditions similar to those in the present study would be of great interest. For
example, whether the experimentally formed cracks are filled by authigenic or newly
formed apatite could be investigated. For this purpose, isotopically labeled calcium
could be added to the solution to distinguish the source of the calcium. In addition, it
would be imperative to know whether the enrichment of Mg, Sr, and Zn in the cortical
canal network detected by nanoSIMS significantly affects the isotopic signature of the

sample.

Another intriguing point is that the observations made so far clearly show that the uptake
of Sr, U, Nd, and Lu is relatively rapid and occurs both along a transport-reaction front
and the percolating cortical canal network. However, it is still not known whether these
elements are precipitated as independent phases, incorporated into the bioapatite lattice,
or bound by adsorption onto crystallite surfaces or collagen. To further explore these
questions, it could be beneficial to perform measurements with a synchrotron uXAS
beamline for three-dimensional chemical and structural imaging with an isotropic spatial

resolution of 1 um or less.

The major limitation of the experimental setup was that the bone taphonomy studies
were performed ex situ. Therefore, it was not possible to study the experimental
solutions as well as bone samples until the experiments were completed. Furthermore,
both the experimental solutions and bone samples had cooled to room temperature or
dried, respectively. This experimental approach interrupts the processes taking place
and can lead to chemical and structural changes in the mineral or organic phases as well
as phase precipitation from the pore solution. In addition, conventional isothermal ex
situ experiments require using a new sample for each time step. These limitations make
it difficult to reliably link macroscopic observations to temperature, time, and sample
properties, especially for bones with heterogeneous structure and composition. As a
result, it is challenging to obtain detailed and precise information about the structural
and chemical changes that occur during the aqueous modification of bone tissue and,
more generally, about the mechanisms and time dependence of the individual reaction
steps, especially those that occur and change on short time scales (i.e., within a few
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hours or less). To identify and reliably quantify the rate-limiting reaction steps, an
analytical technique is needed that allows the interaction of bone with aqueous solutions
to be studied in situ at the micrometer-scale and with a temporal resolution of a few
minutes. In operando and in situ fluid-cell Raman spectroscopy would be such a suitable
technique (e.g., Geisler et al., 2019; Lenting & Geisler, 2021).

It may be worthwhile to further investigate, whether the outermost areas of fossilized
cortical bone are affected by the oxygen signature of the depositional environment
immediately after death and whether the oxygen signature further inside a fossil cortical

bone might be more representative of the long-term diagenetic conditions.
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