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ARTICLE INFO ABSTRACT

Editor: Claudia Romano 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

Keywords: occurring during the interaction between fluids and bones in an early diagenetic setting is fundamental to
bioapatite determining the extent to which the commonly-used geochemical proxies in bone get modified during fossil-
carly diagenesis ization. The present study experimentally investigates the structural and chemical changes in bone induced by
ZZ:t(iJcS;iVIbsone controlled in vitro aqueous alteration experiments under simulated early diagenetic conditions. It is intended to
ICP-MS derive a deeper phenomenological and quantitative understanding of the transport and reaction processes that

Raman spectroscopy occur in the early stage of fossilization. For this purpose, 3.5 mm-sized cylinders were drilled from modern

aqueous alteration ostrich cortical bone and immersed in different experimental solutions enriched with tracers such as Zn, Sr, rare

EMPA earth elements, and U. The experiments ran for several hours to weeks at 30, 60, and 90 °C - the latter two
temperatures were chosen to accelerate anticipated early diagenetic modifications of the bone samples. 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, nanoscale
ion microprobe, and atom probe tomography to assess mineralogical, chemical, and structural changes from the
millimeter to the atomic scale. The results show that element uptake into the bone samples occurs within hours
after they have been exposed to an aqueous solution instead of years, as previously assumed. Additionally,
distinct modifications of the organic phase were observed, accompanied by the growth of new apatite phases by
dissolution-reprecipitation and recrystallization processes. Carbonate-poor or -free hydroxylapatite formed in the
sample center and more stable carbonated fluorapatite in the sample rim. 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.

1. 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 and Cerling, 1994;
Nielsen-Marsh and Hedges, 2000; Trueman and Tuross, 2002; Pucéat

et al., 2004; Trueman et al., 2008; Herwartz et al., 2013; Reynard and
Balter, 2014; Tacail et al., 2020). Bones are mineralized tissues
composed of meta-stable nano-crystalline bioapatite, collagenous pro-
teins, and water (Glimcher, 2006; Boskey and Robey, 2013; Grandfield
et al., 2018; Reznikov et al., 2018). Bioapatite, the main constituent of
bone, is a calcium phosphate mineral (Cajo x[(PO4)s x(CO3)]
(OH)2_x-nH30, Pasteris et al., 2014) that can incorporate a large number
of elements and molecules. On the one hand, this property renders

Abbreviations: nanoSIMS, nanoscale secondary ion mass spectrometry; ICP-MS, inductively coupled plasma-mass spectrometry; EMPA, electron microprobe
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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 and Epstein, 1978, 1981; Schoeninger and
DeNiro, 1984; Wang and Cerling, 1994; Fogel and Tuross, 2003; Scott
and Poulson, 2012; Jaouen et al., 2013; Davis and Pineda-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 modifi-
cations 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 and Ding, 2009). The ability to retain the
fine-scale morphology during a mineral replacement process was
demonstrated, for example, by an experimental study by Kasioptas et al.
(2010). These authors experimentally pseudomorphically replaced the
filigree, micrometer-sized, chamber-like architecture of squid cuttle-
bone (Sepia officinalis Linnaeus, 1758), made of aragonite, in aqueous
solutions with hydroxylapatite (HAp) and a small amount of B-trical-
cium phosphate. They explained the replacement by an
interface-coupled dissolution-precipitation process following the notion
of Putnis (2002). Therefore, the need arises to differentiate between
chemical and isotopic information incorporated in vivo versus that in-
formation 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; Jans, 2008; Karr and 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 iso-
topic composition of bone can be affected in different diagenetic settings
by the alteration processes 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., DeNiro, 1985; Trueman et al., 2004; Sponheimer and Lee-Thorp,
2006; Fricke et al., 2008; Hinz and Kohn, 2010; Herwartz et al., 2011;
Heuser et al., 2011; Tiitken and Vennemann, 2011; Tiitken et al., 2011;
Trueman, 2013; Tiitken, 2014; Bourgon et al., 2020; Suarez and Kohn,
2020). Most of these studies focused on diagenetically altered archeo-
logical 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 and Engel (2017) showed that
compositional alteration and distinct bioerosion were monitored after
one week. In mesocosm experiments, microbial colonization was
inhibited and transformation from bioapatite to a more stable apatite
phase was observed after one month. Kohn and Moses (2012) 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 limit the diffusion rate in bone and led
to similarities in diffusion rates. Consequently, trace element profiles in
fossilized bone were unlikely to be caused by intra-bone volume diffu-
sion as formerly assumed, but presumably due to recrystallization and
transport limitations. Moreover, aqueous alteration experiments, in
which calcined bone and tooth enamel were exposed to 8”Sr-doped so-
lutions 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. (2019). The authors proposed a
transformation mechanism that involves the partial dissolution of
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bioapatite as well as reprecipitation of secondary apatite, which occurs
irrespective of the presence or absence of F, thus leading to the forma-
tion of carbonate-bearing fluorapatite (FAp) and/or HAp, respectively.

Furthermore, Turner-Walker and Peacock (2008) conducted
long-term, real-time field experiments on bovine bone and pig skin in
Scandinavian bogs, representing an acidic environment, to model the
formation of a bog body. Notably, in Sphagnum bogs, bone was not
affected by bioerosion, but mineral leaching and extensive demineral-
ization were observed after one year. This eventually exposes the
collagen matrix, which shrinks upon drying and leads to the formation of
cracks in the bone. Similar observations were made in a comprehensive
study of time-resolved aqueous alteration of dental cubes from modern
elephant teeth under controlled conditions representing an extremely
acidic early diagenetic environment (Weber et al., 2021). In the outer
parts of dentin samples from low-temperature (30 °C) experiments,
partial dissolution of the apatite component occurred after only four
days, while the organic material was preserved in such a specific acidic
environment. This study also showed that the Ca, Sr, Zn and Mg isotopic
compositions in dentin were strongly influenced by diagenetic modifi-
cation. In contrast, only the outermost 100-300 pm of enamel were
affected by the changes, while the central part of the mm-thick enamel
remained unaltered. Kral et al. (2021) used a similar experimental
approach in an in vitro aqueous alteration study on modern ostrich
cortical bone (CB) mimicking natural aquatic early diagenetic condi-
tions to study their effect on CB microarchitecture. The CB samples were
experimentally altered in fresh- and seawater-like solutions (FW and
SW, respectively) at 30 °C as well as 60 and 90 °C in order to accelerate
bone aging. This study showed that the CB microarchitecture remained
largely 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 re-
sults obtained by Kral et al. (2021). To this end, the same cylindric bone
samples and the respective experimental solutions altered at 30 to 90 °C
were analyzed using various micro-analytical techniques to assess
mineralogical, chemical, and structural changes from the millimeter
down to the atomic scale. The 30 °C temperature regime is typical for
early diagenetic pre-burial or near-Earth surface postdepositional
aqueous or sedimentary settings. Temperature ranges up to 60 °C are
known to accelerate bone aging artificially and thus the reaction and
transport processes, however, without denaturing even unmineralized
collagen (Waite et al., 1997; Dobberstein et al., 2009; Abdel-Maksoud,
2010; Turner-Walker, 2011). Although experiments at 90 °C are not
typical for most early diagenetic settings, they allow for predictions of
processes that may occur over longer time intervals assuming that
elevated temperature compensates for shorter reaction durations.
Mineralized collagen has a distinctly higher thermal stability than
unmineralized collagen. The endothermic transition is shifted from
60 °C in unmineralized collagen to up to 150 °C in mineralized collagen
(Kronick and Cooke, 1996). It can therefore be assumed that, even in the
90 °C experiments, the processes are only greatly accelerated, but no
new processes are triggered that would not have occurred, albeit much
later, at 30 or 60 °C. The results of these experiments probably cannot be
directly linked to specific early diagenetic settings - which is not the
intent of this study - but they do provide insights into how both the
mineral and collagen phases can be altered after longer periods of time
of burial and diagenesis in the geological record.

The analytical approach was to study the samples from the macro-
scopic down to the atomic level, with the analyses building on each
other: micro-computed tomography (uCT) data of the reacted CB sam-
ples 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) isotope mapping at the sub-pm resolution,
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which has so far not been applied to 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 aims 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
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reaction processes active during the earliest stage of fossilization.
2. Materials and methods
2.1. 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). Detailed information
on the CB samples, the preparation of the experimental solutions, and
the experimental setup can be found therein and in Appendix 1. Briefly,
the cylindric CB samples (Fig. 1A) were drilled (3.5 mm x 3.5 mm cores)

| .
| «—_  reaction
{ rim

Fig. 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 cortical bone drill core sample with dashed line indicating the cutting plane. (C) Representative mount with polished samples embedded in
Technovit© resin. (D) Representative pCT section illustrating the bright RR and the selected area for EMPA and nanoSIMS. (E) Backscattered electron (BSE) image
with the dashed lines indicatingthe selected area for EMPA. (F) Color-coded EMPA images displaying the U distribution. (G) Secondary electron image showing the
localities of (H) a single nanoSIMS map and of (I) a mosaic image consisting of 30 individual nanoSIMS maps, both displaying the spatial distribution of U. (J)
Secondary electron 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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Table 1
Element concentrations of freshwater (FW) and seawater (SW) stock solutions in
ppm.

Cation/anion FwW 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?* 1426 + 15 562 + 6

cl- 775 + 2 19,350 + 39
Mg?* 122.0 + 1.4 859.2 + 1.7
F~ 5.00 + 0.01 5.00 + 0.01
Sr2+ 137.6 + 0.9 140.1 + 1.9
Zn?* 9.6 + 0.5
Lu®* 3.51 + 0.01

Nd3* 1.754 + 0.003

ust 16.0 + 0.2

from the bone compacta of a single tibia from a five-year-old male
modern ostrich (Struthio camelus Linnaeus, 1758) that was raised on an
ostrich farm in Remagen, Germany. After drilling, the samples were
rinsed with MQ water, air-dried under a laboratory fume hood, and
scanned using pCT. After this pre-characterization, the dry samples were
exposed to three types of aqueous solutions by putting one CB sample
and 2 mL of a solution into 3 mL Teflon© vials, which were then placed
in custom-made cold-sealed steel containers. These containers were kept
in a custom-made oven under autogenous pressure (<5 bar) for up to 30
d at 30, 60, and 90 °C. The solutions were not stirred during the
experiment. 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). After termi-
nating the experiments, the samples were rinsed three times with MQ
water and air-dried under a laboratory fume hood at 21 °C. Only CB
samples derived from two of the three experimental series were further
investigated in the present study. These solutions had either a
freshwater-like composition (FW), isotopically labeled with depleted U
and enriched with Nd and Lu, with low salinity (~ 1 g/kg) and a starting
pH of 7.40 £+ 0.06 at 21 °C or a seawater-like composition (SW),
enriched with Zn only with a salinity of ~ 30 g/kg and an initial pH of
either 7.82 or 8.04 + 0.06 at 21 °C (see Appendix 4 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 ele-
ments of particular interest were B, F, Mg, P, Ca, Zn, Sr, Nd, Lu, and U
(see Table 1 for details), which are all commonly used for re-
constructions of the paleoecology or taphonomy of vertebrates.

In total, CB samples of 30 experiments, the respective experimental
solutions, three blanks comprised of MQ water as well as the three stock
solutions were analyzed. To this end, the cylindric CB samples were cut
into two half-round parts using an SP 1600 microtome (Leica Bio-
systems, Wetzlar, Germany) with the cut surface being oriented
perpendicular to the longitudinal growth direction (Fig. 1B). During
cutting, the saw blade and the CB samples were constantly cooled with
water Afterwards, the CB samples were again air-dried under a labora-
tory fume hood at 21 °C. Following cutting, half of each CB sample was
embedded in a standard mount using Technovit® 5071 resin (Kulzer
Technik, Wehrheim, Germany) and the cutting surface was polished
with a 1 pm diamond polishing agent (Fig. 1C).

The composition of the stock solution constituents B, Ca, Mg, Sr, Zn,
Fe, Lu, Nd, and U [ppm =+ SD] was determined using an Element 2/XR
Sector Field ICP-MS system. For the remaining constituents, the con-
centration 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 B03, NaHCOs, NaF, KCl, CaCl,, MgCly, and SrCly, while
the FW solution solely contained FeCls, NdCls, LuCls, and UO2(NOg3)s
and the SW solution NaCl, NaySO4, Ca(NO3)2, and ZnCls.

Chemical Geology 609 (2022) 121060
2.2. Electron microprobe analysis

EMPA were 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 de-
tector. The polished sample mounts were coated with ~ 20 nm of car-
bon. Suitable areas for analysis were selected based on pCT images
acquired during sample pre-characterization (Fig. 1D). BSE images
(Fig. 1E) and qualitative element distribution images with a point-by-
point step size of 1 pm (Fig. 1F) were taken from an unaltered CB
sample as well as from altered samples representative of 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 for Na (5 s). The Ka-
lines were used for F, Na, Mg, P, Cl, Ca, and Zn analysis, whereas the Mo
line was used for U and the La line for Sr as well as 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 and White, 1987)
were used for Na and Sr calibration, respectively. The REE orthophos-
phate NdPO,4 (USNM 168492) and LuPO4 (USNM 168491) reference
samples were used as standards for Nd and Lu quantification (Jar-
osewich and 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
and Tixier, 1968; Goldstein et al., 1992).

2.3. 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 imaging was used to locate target
areas (Fig. 1G), previously determined using EMPA qualitative imaging.
Before mapping, fields of view between 45 pm and 60 pm edge length
were pre-sputtered using a current of 1 nA for 10 min. The isotope
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 pm? in
size with 512 x 512 px in the sub-pm scale (Fig. 1H) - or as mosaic image
consisting of a series of single nanoSIMS maps covering larger areas
(Fig. 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 160’, 89—, 19F’, 24¢c™ (2¢y),
26N~ (12¢1*N), and 5C17, while the O~ primary ion beam with a lateral
resolution of approximately 200 nm was used to generate the positive
ions 11B*, Na*, 2Mg*, 3P, “°Ca*, 7zn*, 8851+, 12Nd+, 175Lu™, and
Z8yle0™, Seven different ion species were simultaneously detected. The
most abundant isotope of each element was selected for the measure-
ments because the experimental solutions were not isotopically
enriched. The isotopic species will not be named in the following text,
only the respective element. To collect and detect the secondary ions, an
electrostatic and a magnetic sector were used. 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/Op
enMIMS.wiki.git).
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2.4. 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 small sample volumes, an
area of 2 pm x 20 pm traversing the RR was sputtered with Pt (Fig. 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 Thomas et al. (2007)
(Fig. 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. 1L). Detailed information on data
acquisition and image reconstruction is provided elsewhere (Reddy
et al., 2020).

2.5. 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) that were treated for 30 d in FW and SW solutions at 30,
60, or 90 °C and pristine CB samples. 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 measure-
ments were performed using a 100x objective with a numerical aperture
of 0.9 and a confocal hole of 1000 pm. Before collection using an
electron-multiplier charge-coupled device detector, the scattered Raman
light passed through a 100 pm spectrometer entrance slit and was
dispersed by a 600 grooves/mm grating. With these settings, the theo-
retical, diffraction-limited lateral and axial resolution was about 1 pm
and <2 pm, respectively. At the beginning of each measurement session,
the spectrometer was calibrated with the first-order band of a pure sil-
icon standard at 520.7 cm™'. 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 and 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 and Hiraishi, 1980). The an-
alyses were performed along the sample’s edge in the frequency range of
150-2000 cm ™! with an acquisition time of 20 s, two accumulations per
spectrum, and a step size of 1 pm. The area covered by each analysis was
slightly different depending on the individual sample structure. 41 sin-
gle analyses were performed parallel to the sample edge, while the
number of analyses perpendicular to the sample edge varied between 26
and 45. Spectra were also taken from multiple areas in the presumably
less altered center of each sample. From all spectra, the parameters ‘full
width at half maximum’ (FWHM) and the position of the v1(POj4) fully
symmetrical stretching band of apatite near 960 cm™! were extracted by
least-squares fitting. The v1(PO4) 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 and Menneken (2021), and Weber
et al. (2021).

2.6. High-resolution inductively coupled plasma-mass spectrometry

Concentrations of B, Mg, P, Ca, Zn, Sr, Nd, Lu, and U were deter-
mined 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 de-
tector. The three different detection modes allowed for a linear detection
range over several orders of magnitude, which enabled analysis of the
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Table 2
Overview of the analyzed isotopes and the applied mass resolution for the ele-
ments of interest (i.e., B, Mg, P, Ca, Zn, Sr, Nd, Lu, and U).

Element Isotopes Resolution
B 10.11p MR

Mg 25:260g MR

P sip MR

Ca 43Ca MR

Zn 66:6871 MR

Sr 88gr LR

Nd 143,1 46Nd MR

Lu 17510 MR, LR

u B8y LR

LR = low resolution, MR = medium resolution.

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%-HNOs, fol-
lowed by 1) measuring five 2% HNO3 blank solutions, 2) the calibration
solutions (using a 5-point linear calibration based on several dilutions of
the multi-element standard solution Merck Certipur VI, 3) several
certified reference materials (SPS-SW2, SLRS-6, TM-26.4) which were
used to validate the calibrations and 4) finally the sample solutions.
After every tenth sample solution, a blank solution was analyzed for
updated background correction. Before the measurement of each new
sample, the sample introduction system was rinsed with 2% or 5%-
HNOs 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 additionally 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
13,000 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 1°*Rh was added to all aliquots as an
internal standard to correct for short-term instrumental drift. In addi-
tion, potential long-term instrumental drift was also investigated and
corrected if necessary. This was done by repeatedly analyzing the cali-
bration solutions throughout the analytical sequence.

Details about the analyzed isotopes as well as the applied resolution
modes are given in Table 2. Measurements in medium resolution (MR)
mode (mass resolution of 4000) were generally conducted to avoid
signal contributions from potential polyatomic interfering species.
Regarding elements that are often prone to interfering species (B, Mg,
Zn, and Nd), the signal intensities of two different isotopes were recor-
ded 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 chosen for
further evaluation because 'B gave higher intensities presumably due
to severe interference from 2>Na" which is also present in the sample
solutions. Lu for instance was analyzed in low resolution (LR) as well as
in MR mode. Both results agreed with uncertainty but for further eval-
uation, only the LR signal intensities were used because of higher pre-
cision and lower detection limits.

3. Results
3.1. Textural alteration

BSE images revealed an overall intact microstructure in pristine CB
with few microcracks in the interstitial bone and only slight differences

in greyscale intensities. The interstitial bone appeared slightly brighter
than the osteonal bone (Fig. 2A). After the experiments, the intact CB
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Fig. 2. Series of representative BSE images of cross-sections of (A) pristine and (B - F) altered cortical bone (CB) samples. Altered CB samples show experimentally
induced microcracks of (B) type 1 (1 d at 30 °C in SW), (C) type 2 (1 d at 30 °C in FW) and, (D) type 3 (7 d at 90 °C in FW). See text for details. (E) CB sample without
microcracks (30 d at 90 °C in FW). (F) CB sample with a pronounced reaction rim (RR) (3 d at 30 °C in FW).

was pervaded by experimentally induced microcracks, which were
observed after 1 d, irrespective of the applied temperature or solution
composition (Fig. 2B, C). The microcracks were only partially visible in
the pCT virtual sections due to the lower resolution of the pCT scans
(Appendix 2). The appearance of the cracks differed depending on the
orientation of the CB sample during cutting. In CB samples cut perpen-
dicular to the longitudinal growth direction, microcracks appeared
relatively short in length (=10 to 200 pm), not connected, and pre-
dominantly originated in the interstitial bone without any preferential
orientation (MC; in Fig. 2B). Microcracks 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. 2C) -
no preferred orientation was observed for this type of microcrack either.
In CB samples cut along the Haversian canals, microcracks were pri-
marily located in the interstitial bone but did connect with an osteon at
one or both sides. Moreover, these microcracks were oriented parallel to
each other and reached lengths of up to several 100 pm (MC3 in Fig. 2D).
A tendency towards stronger greyscale variations, e.g., in osteonal bone,
and a reduction in the number and length of microcracks was observed
with increasing temperature and experimental duration (Fig. 2E). It was
also found that CB samples immersed in FW solutions showed a bright (i.
e., higher density), unevenly distributed area along the sample edge
with a thickness of up to 20 pm (Fig. 2F), which was previously
described and referred to as the reaction rim (RR) by Kral et al. (2021).

3.2. Chemical alteration

3.2.1. Micrometer-scale observations
Qualitative EMPA element distribution maps obtained from pristine
CB samples revealed slightly unevenly distributed P (Fig. 3A) and Ca

(Fig. 3B) at the micrometer scale. Mg (Fig. 3C), Na (Fig. 3D), and Sr
(Fig. 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 area of the RR to
varying extent, but relative enriched further inside the sample (Fig. 3F,
G, H, respectively). The spatial distribution of Na (Fig. 3I) did not differ
significantly from that in pristine CB, irrespective of the experimental
solution the CB was exposed to. Furthermore, in CB samples derived
from FW experiments, Sr (Fig. 3J), Nd (Fig. 3K), Lu (Fig. 3L), and U
(Fig. 3M) were concentrated within the RR 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. 3N). However, this
could also be an artifact of drying. Dissolved Ca ions could have been
concentrated near the sample surface during air drying, even if the CB
samples were rinsed several times to flush out the pore water enriched
with dissolved ions. 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. 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.

3.2.2. Nanometer-scale observations

To supplement the EMPA element distribution images with chemi-
cal/isotopic images of higher resolution, nanoSIMS imaging was used
for the first time to chemically and isotopically characterize experi-
mentally altered CB samples at the nanometer scale. In CB samples from
both experimental series (FW, SW), the highest intensities of F were
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Fig. 3. EMPA element distribution maps of pristine and altered cortical bone (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 pm. (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) Zinc distribution in a sample
exposed to SW — note that FW solutions did not contain Zn. Images A - E and F - O have the same scale bar of 100 pm and 50 pm, respectively.

measured in the outermost 20 pm of the samples (Fig. 4A, B, respec-
tively). The area enriched with F is sharply limited in the CB sample
reacted in FW solution. In contrast, the SW CB sample showed a gradient
with decreasing intensities towards the sample center.

Single isotope distribution maps showed that Na (Fig. 4C) and Mg
(Fig. 4D) were quite homogeneously distributed in all samples and only
slightly enriched in the RR. However, the Na isotope maps contrast with
the EMPA results, which do not show any modifications in Na distri-
bution, but this is most likely due to the lower sensitivity of EMPA
(Fig. 3E). A mosaic image consisting of 16 single isotope maps from a SW
sample revealed that Mg is not only enriched in the RR but also pene-
trated at least 300 pm 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. 4G). The
altered CB samples were washed with MQ water several times before
analysis to rinse out pore waters enriched with dissolved ions. It was
impossible to distinguish between CCN and the interstitial CB material
in the RR, because the interstitial bone was also enriched with Mg
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 microcracks and
porous structures (Fig. 4E). This observation again contrasts with the
EMPA results (Fig. 3G). However, this can be explained by the nano-
SIMS’s lower sensitivity for Ca concentration. A significant depletion in
P was observed within the RR (Fig. 4F), which correlates well with the
EMPA results (Fig. 3F). In contrast, SW samples showed higher P con-
tents along the margin and around larger pores (Fig. 4H). A distinct and
uniform enrichment with Sr was determined along and exceeding the RR

(Fig. 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. The same applies to Zn,
although, to a lesser extent (Fig. 4I).

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. 4K), Lu (Fig. 4L), and U (Fig. 4M), consisting of 30 individual
nanoSIMS maps, revealed an increase of 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. 4A), and (2) some elements further penetrated deeper into the CB
via the CCN. The latter is evident by higher element contents predom-
inantly at the CB-solution—interface in cortical canals (Fig. 4J).

Representative isotope 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 the CB samples (Fig. 5).
The greatly fluctuating Sr concentration profiles show that Sr deeply
infiltrated the CB (Fig. 5A, B). In contrast, Nd, Lu, and U were only
detected within the outermost 20 pm. In the 30 °C sample, Nd, Lu, and U
showed relatively similar distribution patterns (Fig. 5A), whereas in the
60 °C sample a clearly distinct spatial distribution of these elements
became apparent (Fig. 5B). The Nd content continuously decreased from
the sample’s edge towards the interior of the sample. However, Nd did
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Fig. 4. Isotope distribution images obtained by nanoSIMS of representative cortical bone (CB) samples. (A) and (B) show the distribution of 19F in an FW and an 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) >>Na, (D)
24Mg, (E) 4OCa, and (F) ®!P. The mosaic images, consisting of 16 and 30 individual maps, show the (G) 24Mg, (H) 31P, and (I) ®3Zn 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) 88gr, (K) 1*2Nd, (L) 7°Ly, and (M) 2%8U distribution in a
representative CB sample reacted at 60 °C for 30 d in the FW experimental series (doped with REEs and U). The size of a single image is 40 x 40 pm>.

not penetrate further into the CB than the outermost 10 pm. The shape of
the U concentration curve can be described by relatively similar con-
centrations within the outermost 20 pym, 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 pro-
files for the respective elements indicated a transition of the processes
responsible for the uptake and incorporation of elements into CB. Con-
centration profiles of the equivalent 90 °C FW sample are missing
because of the poor data quality of the nanoSIMS maps.

3.2.3. Atomic-scale observations

In the next step, APT measurements were performed to obtain in-
formation about the atomic-scale elemental and isotopic distribution
within the RR. However, these measurements worked only to a limited
extent and will not be further discussed. The results are included in
Appendix 3.

3.3. Phase composition and structural alteration of the bone apatite phase

To characterize and quantify changes in the bone organic and min-
eral 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 were collected from the edge and the center of the samples.
Fig. 6A shows representative Raman spectra in the wavenumber range
between 900 and 1750 cm™! from the outer bone rim of both 90 °C
experiments along with a representative spectrum from the pristine
bone.

These three spectra show the entire range of visible spectral varia-
tions in all 30 d samples. The spectra are characterized by an intense
band near 960 cm ™! which can be assigned to the v;(PO,) symmetrical
stretching mode of the phosphate unit in the bone apatite, whose posi-
tion is slightly shifted to higher wavenumbers in the RR of the experi-
mentally altered samples (inset Fig. 6A). The Raman band at 1003 cm ™!
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Fig. 5. NanoSIMS concentration profiles from FW samples. The intensity of
878r, 142Nd, 175Lu, and 2*®U 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 yellow boxes in the ®’Sr nanoSIMS maps mark the regions from
which the concentration profiles were extracted/derived. a.u. = arbitrary units.

is assigned to the collagen constituent phenylalanine and is present in all
spectra from altered samples. An additional, more intense band is visible
near 1070 cm™! that reflects the v1(COs3) vibrational mode of the B-type
carbonate group in the apatite lattice. This band partially overlaps with
another phenylalanine band at 1033 cm ™! as well as with broad bands
that can be 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 the fre-
quency range of 1215-1340 cm ™! and 1616-1720 cm™! are related to
vibrational modes of the collagen components amide III, comprising v
(C—N) and 8(N—H) vibrations, and amide I, respectively. Samples
altered in SW resulted in spectra that can hardly be visibly differentiated
from the spectra of the pristine CB sample. Only spectra from the RR
formed at 90 °C show slightly less intense amide I and III bands, i.e.,
larger v1(PO4)-to-amide I/III intensity or mineral-to-collagen ratios. 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 4F3/2 - 419/2 elec-
tronic transitions in Nd>*. This is further confirmed by a good spatial
correlation between this photoluminescence signal and the relative Nd
concentrations obtained by nanoSIMS (Fig. 6B, C).

To quantitatively evaluate the Raman data set, the v1(PO4) band
position is plotted against the normalized Nd photoluminescence signal
(Fig. 7A). The overall strongest shift of the v1(PO4) band to higher
wavenumbers (frequencies) is observed in the FW 60 °C sample,
although the important information here is that the Nd signal is not
correlated with changes of the v;(PO4) frequency.

Information about the structural state of the bone apatite is
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contained in the position and width of the v;(PO4) band, the latter
usually specified as FWHM. Both parameters were plotted against each
other for all Raman data of each sample treated for 30 d in the SW
(Fig. 7B) and FW solution (Fig. 7C). The 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 v;(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 pristine CB and the interior of the samples. The latter showed a
clear shift towards lower FWHM but no shift to higher frequencies, i.e.,
in direction of the nano-crystalline HAp. Such a trend is also observed in
the interior of FW samples, although even more pronounced. However,
there is not such a distinct frequency difference between the analyses
from the RR and the interior. Here, the v;(PO4) frequency range is much
higher and even spread than in SW samples. Surprisingly, the FWHM of
the v1(PO4) band did not change significantly but rather slightly
increased when considering the entire data set. This is most pronounced
for the 90 °C FW sample, where the FWHM values from the interior are
significantly lower than those from the RR (Fig. 7C). In general, the
position and width of the v;(PO4) band of the less altered center of the
FW and SW CB samples mark a linear trend towards well-ordered nano-
crystalline HAp (Fig. 8; Asjadi et al., 2019). The frequency is comparable
to those determined for pristine tooth dentin and modern lizard bone,
but smaller than for pristine enamel (Fig. 8). Analyses from dentin
experimentally altered in an initially F-free, acidic solution partly follow
this trend (Weber et al., 2021).

3.4. Kinetics of element uptake by cortical bone

The solution composition after a given reaction time (Appendix 4)
complements the chemical analyses of the altered bone samples. Over-
all, 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 was taken up from the solution into the bone. 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, c;,
and in the experimental solution after the experiments, c,. For internal
comparability, the element uptake was normalized by the specific tissue
surface, o, of each bone sample obtained by pCT (Kral et al., 2021). To
scale the element uptake to the same surface area, a scaling factor B,
given by B = 6/0,,, was defined, where c,, represents the average spe-
cific surface area from all CB samples. We then derive the following
equation to compute the surface-normalized, percentage element uptake
Ug:

ung-@oIOO €))

In Fig. 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 slow down to zero already within the first three days, i.e., the
element uptake reaches a saturation level. However, U is an exception in
that it does not reach element uptake saturation in CB until after about
18 d (Fig. 9F). A two-parameter exponential function of the form

us =Seo(1—exp(—bt)) (2)
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Fig. 6. Raman spectroscopic analysis of pristine cortical bone (CB) and the reaction rim (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 v;(PO,4) band.
The shift of this band is magnified for better comparison in the inset diagram in the upper right. (B) Hyperspectral Nd*>* photoluminescence image from a CB sample
treated in FW solution for 30 days in comparison with (C) the corresponding nanoSIMS Nd distribution image. Differences between both images partly reflect surface
changes due to re-polishing of the sample which was necessary to completely remove the nanoSIMS gold coating. (*) The sharp Raman bands are assigned to the

laboratory room’s ceiling light, which was used as an internal standard.

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 (Appendix 5). The rate
at a given time t is given by

r:%:Soboexp(fbt) 3
dr

and, thus, at t = 0, i.e., far from equilibrium by

r=Seb 4)

In Fig. 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 RRs appears to have been independent of temperature.

From the rate r, it is possible to estimate the empirical activation
energy, E,, for the element uptake process(es). For this, In(r) is plotted as
a function of the inverse temperature in Fig. 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 = — E4/R with R as the gas constant. Hence,
the steeper the slope, the higher the activation energy. It is noticeable in
Fig. 10B that, in general, there is only a very weak temperature de-
pendency of the element uptake by CB. In fact, except for Nd, and Sr
from SW, most of the slopes are positive if we fit a linear function to the
data, which would imply unrealistic negative activation energies.
However, the sampling number of the 30 °C experiments was smaller, so
only the 1-day data points mainly control the fit parameter b in Eq. (2).
This is particularly evident from the unrealistic fit of Eq. (2) to the U data
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from the 30 °C experiment (Fig. 9F), the results of which were also
excluded from the plots in Fig. 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. 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 maximal value of ~ 36 kJ/
mol for Sr uptake in the SW solution. For U uptake, we obtain ~ 9 kJ/
mol, while the logarithm of the measured Zn uptake rate is positively
correlated with 1/T, suggesting a very low activation energy for Zn
uptake.

3.5. 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). Thus, the
temperature-time dependency of the sample weight contains informa-
tion about the kinetics of 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) and then plotted
against the reaction time in Fig. 11. Since the 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, wy. In the FW
experimental series (Fig. 11A), the rate was low at 30 and 60 °C, and not
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Fig. 7. Raman spectral parameters of pristine and altered cortical bone (CB)
samples that were altered in SW and FW solutions. (A) The Raman shift of the
v1(PO4) band as a function of the normalized Nd photoluminescence signal for
CB samples from all temperature regimes that were exposed to FW for 30 d at
30, 60, and 90 °C. (B) and (C) The frequency of the v,(PO,4) band as a function
of its width given as full width at half maximum (FWHM) for pristine CB
samples and CB samples that were reacted in SW and FW solution, respectively,
for 30 d at 30 °C, 60 °C, and 90 °C in SW and FW solutions. Additionally, areas
in the less altered sample center were measured for comparison due to the
strong heterogeneity of the CB samples among each other.
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significantly from zero (wy = 0.13 + 0.15 e 10~ ® mg/mm?s and 5.3 +
3.4 ¢ 10~° mg/mm?’s, respectively), but significantly higher at 90 °C (w;
=5.60 + 0.29 ¢ 10~* mg/mm?s). Nevertheless, if we plot the logarithms
of the weight loss rates against 1/T in an Arrhenius diagram, we observe
a linear relationship with a negative slope that corresponds to an
empirical activation energy of E4 = 61 + 11 kJ/mol (Fig. 11C). In SW
experiments, however, only the rate at 90 °C was significantly different
from zero (wy = 1.26 == 0.22 e 1074 mg/mm3s).

4. Discussion

4.1. Early structural and textural modifications of the cortical bone
samples

BSE images of the altered CB samples clearly revealed that within
just 1 d of the experiment, the formerly intact CB (Fig. 2A) had been
strongly pervaded by microcracks (Fig. 2B-D). This contrasts with results
from a previously conducted pCT study which showed that on a scale
down to 3 pm the CB microarchitecture was largely unmodified (Kral
et al.,, 2021). It is assumed that a voxel resolution of 3 pm could not
resolve the majority of the small microcracks (Appendix 2). The CB
samples immersed in FW solution for 1 day tended to show a temporal
decrease in cortical porosity (e.g., ACt.Pogg °c, 14, rw = —15 £ 3%; Kral
etal., 2021). This could no longer be observed in the samples from the 3-
day experiments, but the opposite (e.g., ACt.Poggec, 34, rw = 11 £ 2%),
while the number of microcracks did not change notably.

The question arises as to whether and how two opposing processes
can occur simultaneously here: decrease in cortical porosity and the
extensive formation of microcracks. In order to achieve a reduction in
cortical porosity of about 15% by apatite precipitation, not only would
the original porosity have to be reduced by 15%, but also the volume of
the microcracks formed would have to be leveled out. It is very unlikely
that this happened here, as there were simply not enough ions added to
the solution, in particular P, to form this amount of apatite. Further-
more, this would have been reflected in an increase in weight rather
than a slight decrease as observed (e.g. Awtyg ¢, 1d, FW = —0.776 +
0.001%). Thus, it is assumed that collagen swelling (Koon, 2006), a
temporary mechanism with large spatial impact (McKernan and Dailly,
1966), must have significantly reduced the cortical porosity after 1 d as
hypothesized in Kral et al. (2021). The solution must therefore have
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. Collagen swelling is
caused by the interaction of collagen fibers with aqueous solutions, and
its extent depends on the pH, temperature, and salinity of the aqueous
solution. Collagen swelling can be suppressed by larger amounts of salt
in an aqueous solution (Haines, 1987; Koon, 2006). This is probably the
reason why such strong collagen swelling was not observed in SW
samples (the salinity in SW solutions was 30 g/kg).

It is assumed that the microcracks were caused by air drying after the
experiment was terminated. This is supported by the fact that the
number of microcracks formed correlates negatively with the experi-
mental duration and the collagen content of the CB samples (Kral et al.,
2021). Even partially demineralized collagen shrinks during drying,
which can lead to crack formation. Samples that have only been exposed
to the solution for a short time have not yet degraded as much collagen
as older samples, making them more susceptible to cracking. The older
CB samples contain less collagen, which is also reflected in a high weight
loss, especially for the 90 °C samples (Kral et al., 2021), and the bright
areas on the BSE images clearly reflect a higher degree of mineralization.
As a result, they are less susceptible to cracking during drying. It follows
that the higher the temperature and the longer the experimental dura-
tion, the less cracking will occur.

Transferred to a natural environment, it is possible that bones
exposed to multiple cycles of heating and cooling, as well as wetting and
drying shortly after exposure to the environment, will experience
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greater mechanical weathering which can lead to rapid degradation of
the bones. However, if the accessibility of bone to fluids is high, this can
lead to the early formation of secondary minerals such as FAp. This in
turn protects the bone from further degradation and contributes to its
preservation (Conard et al., 2008; Thomas et al., 2012).

4.2. 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.
Directly along the sample’s edge, an X-ray-dense, sharply delineated, up
to 20 pm thick RR became visible in pCT (Kral et al., 2021) and BSE
(Fig. 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*, REE3*, U*t, US*,
respectively) can substitute for Ca?t in a metastable HAp phase in
compliance with a specific charge-compensating mechanism (Pan and
Fleet, 2002; Trueman et al., 2004, 2006). CB samples derived from ex-
periments with the SW solutions are characterized by an outer zone
enriched with Sr and Zn, which is thus not visible in BSE and pCT images
(Kral et al., 2021) but can also be considered a RR.

The penetration depth of the elements enriched in the RR also
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 deep penetration of water and other dissolved
chemical species to the interior of the bone. Another concurrent process
is the diffusion of small molecules from the CCN into the osteocytes,
which occurs within minutes at a temperature of 40 °C (Fernandez-Seara
et al.,, 2002). However, simple transport processes are assumed to
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prevail at least shortly after exposure of the samples to the solution. The
CCN is anisotropically oriented with the majority of cortical canals
running parallel to the bone surface (Fig. 1B). Cutting the samples from
the bone perpendicular to its longitudinal growth direction 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., along most cortical canals (Fig. 4K-M) - a pattern that corresponds
well with the area enriched with Nd, Lu, and in particular with U
(Fig. 3J-L). The penetration depth of these elements increased with
increasing atomic number, i.e., 92 (U) > 71 (Lu) > 60 (Nd). Thus, these
elements mark a relatively sharp concentration gradient towards the
inside of the CB samples (Figs. 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 dis-
parities (Kohn and Moses, 2012). The observed elemental fractionation
within the RR possibly reflects different partition and adsorption co-
efficients (Hinz and 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 before the experiments. The relative
depletion in P in the RR can be explained by the substitution of CO%~ for
the PO}~ site in the apatite lattice, which is reflected by an increase in
FWHM and by an intensity increase of v1(COg3) relative to v1(POg4)
(Thomas et al., 2007).

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 experi-
ments, after durations of 21 d, even these small amounts of P were again
removed from the solutions most likely because the pore fluid became
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Fig. 9. Tissue surface-normalized element uptake from the solution into cortical bone. The diagrams A - F show the element uptake from SW or FW solutions as a
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saturated with HAp and apatite reprecipitation could take place. Such a
mechanism has previously been suggested by Turner-Walker (2011).
The decrease of P in the experimental solution indicates the formation of
new apatite and/or the growth of pre-existing crystallites, reflected by a
strong enrichment with Ca and P in the sample center (Fig. 3F, G). This
presumably led locally to a higher degree of mineralization and here to a
greater stability against cracking, fewer microcracks, and reduced
micro-porosity over time (Turner-Walker, 2011; Kral et al., 2021).
Raman spectra obtained from the sample center revealed a linear trend
towards well-ordered nano-crystalline HAp (Asjadi et al., 2019), sup-
porting this assumption. The trend is directly correlated with the in-
crease in temperature (Figs. 7B, C and 8) and should result when both
the size and the structural order of the nanometer-sized carbonated
apatite crystallites increase by the recrystallization to carbonate-free
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HAp (De Mul et al., 1988; Shah, 2020) Note that in contrast to the RR,
no F was incorporated in the center of the bone samples.

4.3. Bone apatite dissolution and/or recrystallization

The RR was visible on CT 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 photo-
luminescence signals (Fig. 6) related to *F3/5 — *Ig /5 electronic transi-
tions 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., 2022). It is common knowledge
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that REEs act as the main luminescence centers in minerals (Amoroso
and Pope, 2015). Thus, in the case of the formation of secondary apatite
(with incorporated Nd or Lu), the occurrence and intensity of the pho-
toluminescence 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. 7A). More-
over, the photoluminescence signal was already detectable after 1 d in
the 30 °C temperature regime, while the v;(PO4) band was not signifi-
cantly 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 and De
Carlo, 1992; Koehler et al., 2005; Kuipers and 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 has also high biosorption properties (Volesky and
Holan, 1995), wherefore [U02]2+ di-cations can bind to negatively
charged amino acid residues in collagen (Tzaphlidou et al., 1982).
Furthermore, in an experiment conducted by Kohn and Moses (2012), 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, whereby the collagen surface was
drastically enlarged, providing more options for adsorption and
temporally impeding the penetration into CB. Furthermore, this inter-
pretation 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 continu-
ously hydrolyzed, which is reflected by a distinct weight loss of up to
20%, especially in 60 and 90 °C experiments (Fig. 11; Kral et al., 2021).
Collagen degradation led to the exposure of the bone HAp crystallite
surfaces to the solution so that dissolution and/or recrystallization of the
nm-sized bone apatite crystals was accelerated. In addition, hydrolysis
and/or denaturation of collagen releases amorphous calcium phosphate
into the pore solution, which is located in the gap regions of collagen and
acts as a bioapatite nucleation inhibitor (Nudelman et al., 2010; Lotsari
et al., 2018). Higher Na contents detected in those areas enriched with
Nd and Lu may indicate apatite recrystallization, as the replacement of
Ca2" 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
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HAp (Asjadi et al., 2019).

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 HAp and/or collagen I (Rondanelli et al., 2020 and
references therein). Thus, the release of B into solution can imply both
intensified dissolution of the apatite phase and degradation of collagen -
which occurred first cannot be clearly determined.

The observed linear relationship between the weight-loss rates (wy)
in FW experiments and the inverse temperature yielded an empirical
activation energy Ep of 61 + 11 kJ/mol. Information on collagen
degradation kinetics under wet conditions is scarce. Nevertheless, this
value can be compared with an E, determined for the decay of bone
collagen in hydrochloric acid which varies between 6.8 and 25.1 kJ/mol
(Castro-Cesena 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. 8A, B). These results basically 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 and Odlyha, 2011) and thus to weight loss. The
distinctly lower weight loss rates in SW experiments clearly showed the
effect of the (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 microcracks. Raman spectra of FW samples did not allow
conclusions to be drawn concerning collagen degradation or preserva-
tion due to intense photoluminescence signals covering the collagen-
related Raman bands. In the SW sample, however, a significant reduc-
tion of the intensity of collagen-related Raman bands, e.g., the amide I or
III bands, was observed, which is clear evidence for collagen degrada-
tion (Fig. 5A).

Raman spectra obtained from the RR showed a shift of the v;(PO4)
band position to higher frequencies in both experimental series. The
shift is related to a shortening of the P—O bond length in the phosphate
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tetrahedra of the apatite lattice, likely due to the incorporation of F~ in
the OH™ position. The presence of F was also shown by nanoSIMS
element maps, with a distinct enrichment in F within the RR. However,
this contrasts with the increase of the FWHM, which, based on the
physics of crystal vibrations, is expected to decrease, in particular, when
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FAp is formed. This unusual positive shift in the frequency versus the
width diagram may be explained by the convolution of the v;(PO4) band
of two structurally slightly different nano-crystalline 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 re-
sults provide evidence for the dissolution of bioapatite nano-crystals
followed by the formation of an F-bearing phase, e.g., authigenic
carbonated-FAp, in the RR, and a nano-crystalline, well-ordered, i.e.,
carbonate-poor, HAp-phase in the sample’s interior. Overall, they sug-
gest that two different processes take place simultaneously but inde-
pendently from each other. On the one hand, the Raman data from the
RR indicate that the carbonated bioapatite crystallites are partly
replaced by carbonated FAp, likely by an interface-coupled dissolution-
reprecipitation mechanism that has been proposed as the dominant
mechanism in mineral replacement processes (Ruiz-Agudo et al., 2014;
Putnis, 2021). This process is thermodynamically driven by the differ-
ence in the solubility of the parent and product apatite. However, in the
center part of the CB samples, were F is absent, the situation is different.
Here, it is conceivable that the bioapatite was partly replaced by
carbonate-poor or -free HAp (Turner-Walker, 2011) through an
interface-coupled dissolution-reprecipitation process, especially at high
temperatures. In this case, the carbonated bioapatite has a higher
aqueous solubility than a carbonate-free or -poor HAp, which in turn has
a higher solubility than FAp (Zhu et al., 2009; Qiao et al., 2017). It
follows that the latter will form if F is available (Aufort et al., 2019). We
recall that both replacement processes produce a distinct trend in the
relationship between the frequency and width of the v;(PO4) band
(Fig. 8).

4.4. Element uptake mechanisms and kinetics

3D reconstructions of pCT data showed that the RR is unevenly
distributed around each CB sample (Kral et al., 2021). Consequently, the
bone microstructure has a large impact on the 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 and Tuross, 2002).
In general, the term ’element uptake’ into bone covers both the pene-
tration of solutions carrying dissolved ions into the CB as well as the
incorporation of elements into the apatite lattice either due to adsorp-
tion 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, considering them
as the result of different, parallel, and/or consecutive transport and re-
action processes.

4.4.1. Element uptake

It is known that because of its spongy properties, bone tends to soak
up aqueous solutions carrying various elements within short time scales
(Trueman and 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 solution within 1 d. Element uptake satura-
tion levels were reached after 7 d (Fig. 7), with increasing saturation
level from 30 to 90 °C (Fig. 8A). However, distinct microstructural
changes became first observable after exposure of CB to the experi-
mental solution for >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 quick
process, double-charged ions, such as Mg, Sr, or Zn were transported in
solution following interfaces and cracks deep into the bone (Fig. 4G, I, J,
respectively), while tri- or higher valent elements such as Nd, Lu, and U
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were solely concentrated along the outer bone rim. In aqueous solutions,
the predominant species of Nd, Lu, and U are Nd3*+ (Panigrahi et al.,
2016), a fully hydrated Lu®* species ([Lu(OH2)g]®>* (Rudolph and Irmer,
2018), and uranyl di-cations [UO2]?*, respectively. The high absorption
coefficients for the dissolved Nd** and Lu®* ions between water and
apatite surfaces (Koeppenkastrop and De Carlo, 1992) as well as their
tendency to form complexes with organics (Kuipers and Giepmans,
2020) probably lead to a rapid removal from the pore fluids (Trueman
et al., 2004) shortly after entering the CCN (see section 4.3.). Thus, these
elements were rapidly scavenged from the ambient aqueous solution
into the RR, while divalent cations were able to penetrate deeper into
the CB via the CCN carried by the solution.

4.4.2. Element incorporation

Element distribution patterns in the bone reflect transport and re-
action processes, such as recrystallization of the bone apatite phase,
and/or adsorption on crystallite surface sites (Millard and 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 occur via different transport
mechanisms and not via volume diffusion (Millard and Hedges, 1996;
Kohn, 2008; Herwartz et al., 2011; Kohn and Moses, 2012) leading to
strong differences in the distribution of, e.g., REE in bones on a pm-scale
(Suarez et al., 2010). However, the data gathered in the present study
clearly revealed that the element distributions differ even on a
sub-pm-scale.

The most prominent diffusion models to explain the element/isotope
incorporation into bone are (1) diffusion plus adsorption (DA) of trace
elements onto crystallite surface sites, leading to a continuously
decreasing concentration gradient towards the interior of fossil bone
(Millard and Hedges, 1996); (2) diffusion plus reaction or recrystalli-
zation (DR) as a result of bioapatite nanocrystalline surfaces being
exposed to a fluid and thus initiating surface-driven dissolution-recrys-
tallization 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 charac-
teristic for 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 are also decreasing with
distance, but not as much as in DA models. Characteristic for this type of
diffusion model is the still relatively high trace element concentration
quite 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 and Kohn (2020) REE and U con-
centration profiles of partially and completely fossilized bone samples
obtained by LA-ICPMS were assigned to different diffusion models. They
postulated that the exponentially decreasing concentration profile of
REEs is typical for either DA or DMD, while the U profile is associated
with DR. These results do not entirely match with the observations made
in our study. The here observed concentration plots of nanoSIMS isotope
distribution images can be better explained by a transition from an
initially ~ transport-controlled  process  (}*’Nd) towards a
transport-reaction process, whereby the reactive part became the pre-
dominant part with increasing atomic number (*75Lu > 238Q). The in-
tensity profile of Lu can be best described as an intermediate state
between DA and DR. It should be noted that the enrichment of Nd, Lu,
and U in the RR is presumably not due to lower concentrations in the
pore water but rather to rapid adsorption and subsequent incorporation
by local interface-coupled dissolution-reprecipitation. The solution data
in Fig. 9 show that saturation occurred relatively quickly, but even after
30 d, small amounts of Nd and Lu were still present in the solution. In
Trueman et al. (2011), the adsorption coefficients for the different REEs
were determined: that for Nd is significantly higher than that for Lu,
which is consistent with our observations.
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The concentration profile of Sr shows a different pattern which 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, kinet-
ically 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 nano-crystalline bioapatite would have led to an
even enrichment in the interstitial bone (Fig. 4G, I-M).

Here, it needs to be mentioned that with quantitative point analysis
or line scans, isotope distributions on such a small scale cannot be
resolved, in particular not by using pm-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 res-
olution is still by far not good enough to resolve intra-nanocrystalline
chemical patterns.

4.4.3. Reaction kinetics

The 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 three days. 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 seems to have been independent of temperature (Fig. 9). Fernandez-
Seara et al. (2002) have investigated diffusional transport mechanisms
of water in CB using NMR 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 Ex
= 26.8 kJ/mol than for self-diffusion of free liquid bulk water (Ep =
18.9 kJ/mol; Mills, 1973; Fripiat et al., 1984). The activation energies
determined in the present study of about 13 kJ/mol (Appendix 5) are in
the order of that for self-diffusion of water, i.e., the element uptake into
bone was not significantly kinetically inhibited.

5. Conclusions

The in vitro alteration experiments and analytical techniques were
designed, respectively applied to identify the distinct transport and re-
action processes during the interaction of cortical bone with different
aqueous solutions under simulated 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
freshwater and seawater-like 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 both the
organic and mineral phase, particularly at the margins of the bone
samples, occurred already 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 concen-
trated behind a diffusion/transport-reaction front near the sample’s
surface, which is only clearly detectable in samples exposed to fresh-
water solutions. Concentration profiles covering the reaction rim
revealed a transition from an initially transport-controlled process
(*°Nd) towards a transport-reaction process (175Lu), whereby the
reactive part is more dominant the larger the atomic number (2*4U) is.
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Additionally, fast transport-reaction processes led to the rapid distri-
bution and enrichment of Ca, Mg, Sr, and Zn within the cortical bone
through the infiltration of the solution along the cortical canals.

From these results a more detailed, albeit phenomenological model
for the interaction between cortical bone, aqueous solutions, and the
elements dissolved therein can be derived: it is here suggested that the
elements concentrated in the reaction rim are first and immediately
bound by adsorption onto collagen fibrils and/or onto crystallite sur-
faces. Then, collagen hydrolysis, accelerated by heat, leads to the release
of these elements, dissolved amorphous calcium phosphate, and bio-
apatite components into the pore fluid. The surface of the bioapatite is
exposed to the pore fluid, which promotes its dissolution, and the pre-
cipitation and recrystallization of apatite are facilitated. The dissolved
apatite constituents Ca and P were relocated into the sample’s interior
forming carbonate-poor, nano-crystalline, well-ordered hydroxylapatite
while thermodynamically more stable, authigenic, and F-bearing apatite
crystals were likely formed in the reaction rim. 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. Furthermore, within
a few weeks, also carbonate-poor or -free hydroxylapatite is recrystal-
lized in the sample center independent of the processes occurring in the
reaction rim. Moreover, it is important to point out that, Sr and Mg, both
proxies for paleo-reconstructions, are altered and were incorporated
from the aqueous solutions that penetrate much deeper into large areas
of the bone samples within quite short time periods. The results further
demonstrate that the surrounding aqueous environment present imme-
diately post mortem, e.g. rainwater puddle, lake, river, or ocean, has a
major impact on the preservation or degradation of bone and thus on the
degree of early diagenetic chemical and mineralogical modifications.
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