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Abstract. Carbonate biological hard tissues are valuable archives of environmental information. However, this information
can be blurred or even completely lost as hard tissues undergo diagenetic alteration. This is more likely to occur in aragonitic
skeletons because bioaragonite commonly transforms into calcite during diagenesis. For reliably using aragonitic skeletons as
geochemical proxies, it is necessary to understand in depth the diagenetic alteration processes that they undergo. Several works
have recently investigated the hydrothermal alteration of aragonitic hard tissues during short term experiments at high
temperatures (T > 160°C). In this study, we conduct long term (4 and 6 months) hydrothermal alteration experiments at 80°C
using burial-like fluids. We document and evaluate the changes undergone by the outer and inner layers of the shell of the
bivalve Arctica islandica, the prismatic and nacreous layers of the hard tissue of the gastropod Haliotis ovina, and the skeleton
of the coral Porites sp. combining a variety of analytical tools (X-ray diffraction, thermogravimetry analysis, laser confocal
microscopy, scanning electron microscopy, electron backscatter diffraction and atomic force microscopy). We demonstrate
that this approach is the most adequate to trace subtle, diagenetic alteration-related changes in aragonitic biocarbonate
structural hard materials. Furthermore, we unveil that the diagenetic alteration of aragonitic biological hard tissues is a complex
multi-step process where major changes occur even at the low temperature used in this study, well before any aragonite into
calcite transformation takes place. Alteration starts with biopolymer decomposition and concomitant generation of secondary
porosity. These processes are followed by abiogenic aragonite precipitation that partially or totally obliterates the secondary
porosity. Only subsequently, occurs the transformation of the aragonite into calcite. The kinetics of the alteration process is
highly dependent on primary microstructural features of the aragonitic biomineral. While the skeleton of Porites sp. remains
virtually unaltered for the entire duration of the conducted experiments, Haliotis ovina nacre undergoes extensive abiogenic
aragonite precipitation. The outer and inner shell layers of Arctica islandica are significantly affected by aragonite

transformation into calcite. This transformation is extensive for the prismatic shell layer of Haliotis ovina. Our results suggest
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that the majority of aragonitic fossil archives are overprinted, even those free of clear diagenetic alteration signs. This finding

may have major implications for the use of these archives as geochemical proxies.

Key words: Carbonates, Biominerals, Aragonite, Diagenesis, Diagenetic tracers: FE-SEM, EBSD, AFM.

1 Introduction

Calcium carbonate hard tissues are valuable geochemical proxies for deciphering past climate dynamics and environmental
change. However, the greatest challenge that these biological archives face lies in their capacity to retain their pristine signature
after the death of the calcifying organism, since from this moment, the skeletons become highly prone to alteration. The original
microstructure and chemical composition of the biocarbonate structural hard tissue can become partially, in the best case, to
totally, in the worst case, obliterated; and so does the environmental-derived information recorded in it (Brand, 1989; Swart,

2015; Casella et al., 2018, Pederson 2019a, 2019b, 2020).

Biocarbonate structural materials are composites of biopolymers and calcium carbonate mineral phases (mostly calcite and/or
aragonite, rarely and much less abundantly vaterite) (Weiner and Dove, 2003). The alteration of biocarbonate hard tissues is
influenced by both external, environment-related, and internal, archive-related, factors. Main external factors are: alteration
time, the degree of geochemical disequilibrium with the environment, the physicochemical conditions in the depositional
environment, the porosity and permeability of the sediments, the chemical composition of the pore fluids and the fluid-rock
ratio, among others (Pederson et al., 2019a, 2019b, 2020). On the other hand, some internal factors that influence the alteration
kinetics of the calcium carbonate skeletons are the concerned carbonate phase, the original microstructure and texture of the
mineral component, the fabric, amount and distribution of the organic matter within the composite hard tissue, etc. (Gaffey
1988; Gaffey et al., 1991, Casella et al., 2018, Pederson et al., 2020). At the conditions that prevail in natural diagenetic
environments, calcite is the stable calcium carbonate polymorph while aragonite is the more soluble, thermodynamically
metastable phase (Plummer and Mackenzie, 1974; Plummer and Busenberg, 1982; Sass et al., 1983; Walter and Morse, 1984;
Bischoff et al., 1987, 1993; Redfern et al., 1989; Navrotsky, 2004; Morse et al., 2007; Gebauer et al., 2008, Radha et al., 2010;
Gebauer and Célfen, 2011; Radha and Navrotsky, 2013). In the presence of an aqueous phase, aragonite crystals can transform
into calcite through a coupled dissolution-crystallization reaction. The progress of the reaction is driven by the difference in
solubility between the two carbonate phases and is facilitated by the generation of porosity (Berner, 1975; Bischoff, 1969;
Bischoff, 1968; Fyfe and Bischoff, 1965; Cardew and Davey, 1985; Mucci et al., 1989; Putnis and Putnis, 2007; Putnis, 2009,
Ruiz-Agudo et al., 2014; Sun et al., 2015). The result of this dissolution-crystallization reaction is the formation of calcite

pseudomorphs after aragonite that consist of blocky calcite crystals (Perdikouri et al., 2008, 2011, 2013). It is noteworthy that

biogenic calcite also is metastable with respect to abiogenic calcite, and that calcite biominerals may undergo dissolution-
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recrystallization reactions that result in the diagenetic overprint of their isotopic notations, as was recently demonstrated
experimentally (Bernard et al., 2017; Cisneros-Lazaro et al. 2021, 2022).

The metastable nature of aragonite explains that aragonitic skeletons have a lower potential of becoming preserved in the
geologic record, relative to their calcitic counterparts (James et al., 2005; Cherns and Wright, 2011; Cherns et al., 2011,
Janiszewska et al., 2018; Wright et al., 2003; Wright and Cherns 2004). Lowenstam (1954) and Hallam and O’Hara (1962)
estimated that, during diagenesis, most aragonitic carbonates would be replaced by calcite within a few to thousands of years.
However, under low-temperature regimes, in shallow environments enriched in organic matter, the transformation of aragonite
into calcite is precluded and the progress of diagenetic alteration is restricted to its very first stages (Hall and Kennedy, 1967;
Seuss et al. 2009; Janiszewska et al., 2018). The resulting structural and chemical changes between the pristine and altered
skeletons are then very subtle and difficult to trace. In this work we aim to disclose the subtle microstructural and chemical
changes undergone by aragonitic hard tissues during low-temperature/long-time hydrothermal alteration. We conducted long-
term (4 and 6 months) hydrothermal alteration experiments at 80°C with burial-mimicking Mg-rich waters. Aiming to
understand the influence of bioaragonite architecture in the kinetics of hydrothermal alteration we investigated the alteration
response of three very different biocarbonate skeletons: (i) the granular aragonite that forms the shell of the bivalve Arctica
islandica, (i) the prismatic and columnar nacreous aragonite that comprises the shell of the gastropod Haliotis ovina and (iii)
the acicular, fibrous aragonite that builds up the skeleton of the coral Porites sp. By comparing the hydrothermal overprint
undergone by these microstructures after prolonged alteration at 80°C (this study) and after much shorter alteration at 175 °C
(Casella et al., 2018) we identify better early hydrothermal alterations steps and improve our understanding regarding the role
of temperature and time in the progress of alteration and overprint. This study demonstrates that a combination of analytical
tools and evaluation techniques (TGA and XRD measurements, Rietveld analysis of XRD data, EBSD measurements and
grain size statistical evaluation, laser confocal microscopy, FE-SEM and AFM imaging) provides the ideal set of data to
pinpoint the structural changes caused by the hydrothermal and/or diagenetic alteration of biological hard tissues, even the

subtle changes that are difficult to address, that mark the very first steps of biocarbonate microstructural reorganization.

2 Material and Methods

2.1 Materials

Three aragonitic hard tissues from animals with very different microstructures were chosen for this study. Shells of the modern
bivalve Arctica islandica were collected from Loch Etive in Scotland (United Kingdom). Adult specimens of the gastropod
Haliotis ovina were obtained at Heron Island in Queensland (Australia). Samples of the scleractinian coral Porites sp. were

collected at Moorea, French Polynesia (France).
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2.2 Methods

2.2.1 Hydrothermal Alteration Experiments

For the alteration experiments, pieces of the hard tissues were cut into slices with a diamond 6-inch saw (Hi-Tech-Diamond)
and cut subsequently into three rectangular 2 cm x 1 cm fragments (Fig. A1). All three segments were hydrothermally altered.
Hydrothermal alteration experiments were carried out mimicking diagenetic conditions regarding fluid temperature and
composition. The used fluid composition (100 mM NaCl + 10 mM MgCl,) simulates the fluid present at the burial diagenetic
realm. The composition of the fluid was identical to that previously used by Casella et al., (2017, 2018) and Pederson et al.,
(2019a; 2019b; 2020) in their hydrothermal alteration experiments.

For all alteration experiments, 3 pieces of the pristine skeletons of modern Arctica islandica (0.8g/piece), Haliotis ovina
(0.2g/piece) and Porites sp. (0.1g/piece) were placed into a polytetrafluoroethylene (PTFE) vessel together with 10 mL of the
Mg-rich burial aqueous solution (Water/rock ratio of 4.16, 16.66 and 33.33, respectively) (Casella et al., 2017, 2018). The
PTFE vessels were then sealed with a PTFE cover and inserted into stainless-steel autoclaves, which were subsequently sealed,
and kept in an oven at 80°C for 4 and 6 months. After hydrothermal alteration, the autoclaves were recovered from the oven,
cooled down at room temperature (20°C) and opened. The recovered altered samples were dried overnight at 40°C in a furnace.
Subsequently, the samples were prepared for further analysis. For all the hydrothermal experiments, it was ensured that the
shell pieces selected for alteration were taken from the same valve to avoid differences in the alteration caused by metabolic

effects.

2.2.2 Structural Hard Tissue Characterization

X-ray diffraction (XRD) and Rietveld analysis

One of the three pieces of every altered sample was crushed in an agate mortar and measured with powder X-ray diffraction
(XRD) for phase composition evaluation. The analysis was performed using Cu-Kal radiation in reflection geometry on a
General Electric Inspection Technologies XRD3003 X-ray diffractometer with an incident-beam Gelll focussing
monochromator and a Meteor position-sensitive detector (GE Inspection Technology GmbH). The obtained XRD data were
evaluated with Rietveld analysis, using the software FULLPROF (Rodriguez-Carvajal, 2001) and the CIF structural data from
Markgraf and Reeder (1985) for calcite and from Jarosch and Heger (1986) for aragonite, from the Crystallography Open

Database (COD 2017). The above-described data evaluation procedure was applied to all pristine as well as altered samples.

Thermal Gravimetric Analysis (TGA)
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The sample that was used for XRD measurements was recovered from the XRD holder and was further used for TGA
measurements for the determination of organic matter content within the pristine and altered sample. TGA measurements were
conducted with a Q500 TGA. The samples were heated from room temperature to 1000°C at a constant rate of 5°C per minute

in a flowing-air atmosphere. 25 mg of powder of every sample were used for TGA analysis.

2.2.3 Imaging Techniques

Laser Confocal Microscopy

Overview images for the visualization of the different microstructures within a shell or skeletal element were taken with a
Keyence 3D laser scanning confocal microscope (VK-X1000 series). The second shell or skeleton segments were embedded
in epoxy resin and polished down with eight sequential polishing steps for obtaining a highly even sample surface. Laser

confocal microscopy imaging was conducted on uncoated samples.

Atomic Force Microscopy (AFM)

The sub-micrometre and nanometre structure of the shells and skeletal elements was scanned with AFM. AFM imaging was
done in non-coated, epoxy-embedded and highly polished sample surfaces. Samples were imaged in contact mode with a JPK
NanoWizard II AFM using silicon nitride cantilevers. Scans of lateral and vertical deflection traces were analysed with the
NanoWizard® IP image processing software by using the “gold” scale for colour. The lateral and vertical deflection traces are
the result of the interaction between the cantilever tip and the sample surface. Height traces were used to generate 3D models

of the nanoscale topography of some of the samples.

FE-SEM imaging and EBSD measurements

To visualize major microstructural elements in the pristine and the altered samples, the aragonitic hard tissues were imaged
with FE-SEM and analyzed with EBSD. The remaining piece of the altered samples, together with pristine skeletons, were
embedded into epoxy resin and polished with several mechanical grinding and polishing steps down to a grain size of 1um.
Subsequently, the samples were polished with an alumina (particle size ~0.06 pm) containing suspension in a vibratory
polisher (VibroMet 2; Buehler) for 2 hours. For EBSD measurements the samples were coated with 5 to 6 nm of carbon, for

FE-SEM imaging, additionally with 8 to 10 nm of Pt/Pd.

FE-SEM imaging and EBSD measurements were carried out in a Hitachi SU5000 field emission SEM, equipped with an
Nordlys Oxford EBSD detector. The SEM was operated at 20 Kv and the Kikuchi diffraction patterns were indexed with the

5
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Oxford Instruments AZTec and CHANNEL 5 HKL software (Schmidt and Olesen, 1989; Randle, 2000). Information obtained
from EBSD measurements is presented here as band contrast measurement images and as colour-coded crystal orientation
maps with their corresponding pole figures; the latter giving either individual data points or, in the contoured version, the

strength of the clustering of poles (Half width of 5° and cluster size of 3°).

EBSD band contrast gives the signal strength of the EBSD-Kikuchi diffraction pattern and is displayed as a grey-scale
component in a map. The strength of the EBSD signal is high when a crystal is detected (bright in the map), whereas it is weak
or absent when a polymer, such as organic matter or epoxy resin, is scanned (dark/black on the map). Crystal co-orientation
statistics are derived from Kikuchi diffraction patterns measured at each image pixel of an EBSD map. Crystal co-orientation
is given by the MUD value (multiple of uniform (random) distribution). A high MUD indicates high crystal co-orientation,
while low MUD values reflect low to random crystallite or/and mineral unit co-orientation. Pole figures are stereographic

projections of the orientations of crystallographic axes or plane normals measured at all pixels of an EBSD map.

The term texture relates to the distribution of crystal orientations within a material and is illustrated by pole figures, showing
either colour-coded orientation data or contoured versions of density distributions of c- and a*-axes poles. A fibre texture or
axial texture is present when the measured orientations have a one-dimensional orientation order. For brachiopod shell calcite
usually the c-axes of the individual crystals are co-oriented, showing a cluster concentrated around one particular direction in
the {001} (= c-axis) pole figure, whereas the {100} (= a*-axes) scatter in orientation around the great circle perpendicular to
the c-axis (Simonet Roda et al., 2019; 2022). A three-dimensional texture or three dimensional orientational order is present
when all crystallographic axes in the investigated map are co-oriented, such that there is a concentrated cluster of data points
around one particular direction in the c-axes pole figure but also distinct clustering on the great circle perpendicular to this
direction in the a*-axes pole figure. Since, for calcite, the c-axis is a unique direction and bears the 3~ symmetry axis, there are
six maxima in the a*-axis pole figure. However, only three of those are usually visible in the pole figure because data of only
one hemisphere of the stereographic projection are displayed. The term microstructure refers to the sum of grains, their sizes,
morphologies, modes of interlinkage, co- and misorientations and is shown with coloured EBSD maps. Similar colours

visualize similar crystal orientations, different colours indicate differences in crystal orientation.

Grain area/size statistical evaluation

EBSD measurements allow us to distinguish between individual grains and, hence, to obtain grain related parameters such as
grain area and grain boundaries. A grain in an EBSD map is defined as a region that is completely surrounded by boundaries
across which the misorientation angle relative to the neighbouring grains is larger than a critical value. In this study we use a
critical misorientation value of 2°. The latter was determined empirically and is appropriate for carbonate biological hard

tissues (Griesshaber et al., 2013). To evaluate grain size distributions, we chose grain clusters with a class width of 0.10 pm?

6
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for aragonite nacre tablets and 0.15 pm? for the other aragonitic microstructures. In this study we plotted the relative frequency

of every cluster with respect to the total amount of grains (%) relative to grain area/grain size (um?).

3 Results

3.1 The pristine microstructure of Arctica islandica, Haliotis ovina and Porites sp. skeletons.

The pristine skeletons of Arctica islandica, Haliotis ovina and Porites sp. consist entirely of aragonite according to XRD
measurements and Rietveld analysis (Fig. A2 and A4 from Casella et al., 2018) and have an organic matter content that varies
significantly for the different species. Organic matter concentration in the investigated hard tissues was determined with TGA

analyses (Fig. A3).

The shell of the bivalve Arctica islandica is comprised of irregularly shaped micrometre-sized aragonite crystals which are
interconnected by a network of biopolymer fibrils (Casella et al., 2017). Annual growth lines are frequent (Fig. A4 and A5).
Aragonite crystals are unstructured and show a poor co-orientation strength according to EBSD measurements and data
analysis (MUD = 8). This is the case for the outer region of the shell, next to seawater. Contrarily, the crystals which constitute
the innermost layer of the skeleton, closer to the soft tissue of the animal, have a crossed lamellar microstructural arrangement,
with higher MUD values (59) (Fig. 1 and A6). Despite having a densely packed aragonitic microstructure, the pristine skeleton
of Arctica islandica contains primary porosity. This porosity is more abundant in the outer regions of the shell and decreases
towards the inner portions (Fig. A4 and AS5). TGA analysis of the pristine shell of Arctica islandica show that the amount of
organics in the shell varies between 1.8 wt. % in the inner shell and 2.2 wt. % in the outer shell portion, respectively (Fig. A3).
Despite the differences in shell microstructure, aragonite nanostructure is relatively homogeneous throughout the pristine
Arctica islandica shell. AFM images show that aragonite has a slightly rough surface, made up of spherical or near-spherical

aragonite subunits of less than 100 nm width (yellow star in Fig. 2).
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Figure 1. EBSD colour-coded orientation maps with their corresponding pole figures depicting aragonite microstructure and
texture in: (a-b) pristine and (c-d) altered shells of the bivalve Arctica islandica. The strength of crystal co-orientation is given
with the MUD value for the relevant EBSD scan, which is shown for each EBSD measurement. Even though that, at the applied
hydrothermal alteration, new abiogenic calcite formation does not yet take place, the strong decrease in MUD values between

the pristine and the altered samples indicates reorganization of the microstructure through new, abiogenic, aragonite formation.
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Figure 2. Vertical deflection AFM images of: (a-d) pristine and (e-h) altered shells of the bivalve Arctica islandica. Pristine
shells of Arctica islandica are composed of two aragonitic layers formed by aragonitic subunits of less than 100 nm in size
(yellow star in Fig. 2b and 2d; shell constituent units). Insets in figures 2b and 2f show a closer view of these units.

Hydrothermal alteration induces amalgamation of the subunits (white arrows in Figs. 2e to 2h).

The pristine shell of the gastropod Haliotis ovina shows two microstructural arrangements. The outer layer, that points towards
seawater, is composed of aragonite prisms while the inner layer, closer to the soft tissue of the animal, is composed of aragonitic
nacre tablets (Fig. A7 and AS8). The latter are arranged in columns. The aragonite prisms have an irregular shape and show a
gradation in size, such that the smaller crystals are in the outermost regions of the shell, in contact with the seawater, and the
largest aragonite prisms are close to or at the transition to the nacreous shell portion (Fig. A9a). The nacre tablets, on the other
hand, have an average thickness of 430 to 500 nm (Fig. A9b). There is a very sharp boundary between the two microstructures.
Aragonitic nacre represents about 80 to 85% of the shell of Haliotis ovina, while the aragonitic prisms account for the
remaining 15 to 20%. EBSD analyses demonstrate that the aragonitic nacre is highly co-oriented, with a MUD value close to
100. In contrast, the crystals that form the aragonitic prisms show lower crystal co-orientation strength. MUD values scatter
between 19 and 31 (Fig. 3 and A10). TGA analysis of the pristine shell of Haliotis ovina show that the amount of organics in
the shell is 3.1 wt. %. The nanostructures of the two microstructural arrangements of pristine Haliotis ovina are depicted in
Fig. 4. Aragonite prisms have a rough surface composed of aragonite subunits with sizes < 100 nm (yellow star in Fig. 4b).
Aragonite nacre tablets are formed of smaller aragonitic subunits, separated from each other by linear continuous divisions,
the sites where the organic matter is concentrated. A 3D model of the nacre surface derived from height AFM measurements
is given in Fig. 5 and shows that this microstructure has a topography in which the divisions between the different tablets, that
is, the place where the organic matter is concentrated, stands out topographically (30 nm on average) above the mineralized

arcas.
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Figure 3. EBSD colour-coded orientation maps with their corresponding pole figures depicting the microstructure and texture
of biogenic aragonite of the (a-c) pristine and (d-f) altered shells of the gastropod Haliotis ovina. The strength of crystal co-
orientation is given with the MUD value, which is shown for each EBSD scan. Hydrothermal alteration of Haliotis ovina
induces the replacement of large parts of the prismatic aragonite by non-biogenic calcite concomitant to a decrease of the MUD
value of the untransformed aragonite prisms. Though the nacreous layer is not replaced by calcite, its MUD value increases

from 93 to 220.
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Figure 4. Vertical deflection AFM images depicting: (a-d) the pristine and (e-h) altered shells of the gastropod Haliotis ovina.
The pristine shell of Haliotis ovina is composed of two layers: (a,b) A prismatic shell layer (yellow star; shell constituent units)
and a (c,d) nacreous inner portion consisting of an assembly of nacre tablets, formed by small rounded aragonitic subunits. (e-
h) Upon hydrothermal alteration, abiogenic calcite crystals, with their characteristic rhombohedral shape, form in the former
biogenic prismatic layer. In both layers, we observe an amalgamation of mineral units (see inset in figure 4f). In the nacreous

layer, boundaries of individual nacre tablets become blurred (white arrow in h). Cal: calcite crystals.
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Figure 5. 3D surface reconstruction of height AFM measurements of aragonitic nacre tablets for: (a) pristine and (b) altered
shell segments of the gastropod Haliotis ovina. In the pristine shell, the organic membranes that separate adjacent tablets have
a positive relief, while in the altered shell analogue a dramatic structural change is observable. At the site of the organic

membrane we find a depression.

The modern skeleton of the scleractinian coral Porites sp. has a very compact microstructure in which spherulitic aragonitic
units formed by acicular crystals grow radially around the calcification centres, the places where mineral nucleation starts (Fig.
All and A12). EBSD data analyses show that acicular aragonite in Porites sp. has an average MUD value of 10 (Fig. 6 and
A13). TGA analysis of the pristine Porites sp. skeletons show that the amount of organics in the sample is 2.1 wt. %. AFM

14



images of the pristine skeleton of Porites sp. show that the aragonitic acicular crystals which build up this microstructure are

285 composed of aragonitic subunits of approximately 0.1 um width (Fig. 7).

Pristine 6 months alteration

Figure 6. Colour-coded orientation maps with their corresponding pole figures derived from EBSD scans depicting the
290 microstructure and texture of: (a) pristine and (b) altered coral, Porites sp., skeletons. Crystal co-orientation is given by the
MUD value. No major changes can be observed between the pristine and the altered skeletal elements. However, we do not
discard that the alteration may have produced variations in the microstructure of Porites sp. that could not be detected by

EBSD. The low co-orientation of the aragonite crystals in the pristine sample makes it difficult to see variations after alteration.
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Pristine 6 months alteration

Figure 7. Vertical deflection AFM images of (a-b) pristine and (c-d) altered Porites sp. samples. The coral microstructure is
formed by acicular aragonite crystals which, in turn, are composed of minute roundish subunits (yellow star in the inset from
figure 7b). Hydrothermal alteration experiments conducted in this study did not induce any significant change to the submicro

to nanostructure of the coral skeleton.

3.2 The hydrothermally altered microstructures of Arctica islandica, Haliotis ovina and Porites sp. skeletons.

The interaction of the hard tissues of Arctica islandica, Haliotis ovina and Porites sp. with a burial-mimicking fluid for up to
6 months at 80°C produces little to no transformation of the biogenic aragonite into abiogenic calcite, according to Rietveld
analysis derived from XRD data (Fig. 8a, A2 and A14). Thus, after 6 months interaction with the burial fluid the total amount
of calcite in the altered samples is approximately 16 wt. % in Haliotis ovina, 1 wt. % in Arctica islandica and less than 0.1 wt.
% in Porites sp. It is remarkable that, even though, Haliotis ovina contains 16 wt. % of calcite after 6 months of alteration, this

value is still only 0.8 wt. % after 4 months of alteration.
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310 TGA measurements show a reduction in the organic matter content of ~ 30 wt. % in Arctica islandica (from 2 wt. % to 1.3 wt.
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%), ~ 20 wt. % in Haliotis ovina (from 3.06 wt. % to 2.47 wt. %) and ~ 7 wt. % in Porites sp. (from 2.10 wt. % to 1.96 wt. %)
(Fig. 8b and A3).
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Figure 8. (a) Calcite content obtained from Rietveld analysis derived from XRD data and (b) organic matter loss measured

with TGA with increasing alteration time. The influence of the individual aragonitic microstructure on both parameters is

remarkable.

Laser confocal microscopy imaging was used to obtain overview images of sample surfaces to visualize main differences
between the pristine and the altered samples (Fig. A4, A7 and A11). In the case of Haliotis ovina, new calcite crystals can be

observed at the change-over from aragonite prisms to aragonite nacre tablets.

The microstructural evolution of the altered samples was followed with FE-SEM and EBSD measurements and the submicro-
to nanostructural evolution of the altered samples was recorded with AFM imaging. FE-SEM images of Arctica islandica
shells, altered for 6 months, show no major changes, in comparison to the pristine samples (Fig. AS). Contrarily, EBSD
measurements show a significant drop in the MUD value for the aragonite crystals that compose the shell of Arctica islandica.
Thus, after 6 months interaction with the burial fluid, the MUD value of the outer layer of Arctica islandica shells drops from
8 to 4, while the MUD value of the crossed lamellar aragonite along the inner layer of the shell drops from 59 to 16, respectively
(Fig. 1). AFM images taken on the altered shell of Arctica islandica show that crystal amalgamation occurs in the aragonite

subunits of both shell layers (white arrows in Fig. 2).
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For Haliotis ovina shells, FE-SEM images show large calcite crystals growing at the transition from nacreous to prismatic
aragonite (Fig. A8). The calcite crystals have a flat surface and are devoid of pores. Aragonite nacre tablets are subject to
crystal/tablet amalgamation, a feature that is well observable, as the boundaries between the different tablets become
increasingly blurred with elapsing interaction time (Fig. A8). FE-SEM, laser confocal microscopy imaging and EBSD
measurements show that the large calcite crystals (more than 100 microns) are concentrated at the boundary between the two
aragonitic microstructures. These crystals appear very bright in the band contrast map (Fig. A10) and show individual MUD
values above 600, a MUD value that is close to that of calcite single crystals precipitated from solution (Nindiyasari et al.,
2014a; 2014b). The remaining, not transformed, aragonite prisms undergo a significant drop in their MUD value, from 19 in
the pristine shell to 8, in the sample altered for 6 months. The amalgamation of the aragonite nacre tablets occurs concomitant
to a rapid increase in the MUD value for this particular microstructure, which rockets from 91 in the pristine shell to 220 in
the altered one. AFM images taken on the altered shells of Haliotis ovina show new abiogenic calcite crystals growing within
the aragonite prisms (Fig. 4). These calcite crystals have a much smoother surface than the surface of the biogenic minerals.
The newly formed calcite crystals have straight edges and, in some cases, allow us to distinguish the characteristic
rhombohedral morphology of abiogenic calcite. The formation of abiogenic calcite takes place concomitant to an
amalgamation of the aragonitic prisms, similar to that observed in the altered shells of Arctica islandica (white arrow in Fig.
41). In the case of the aragonitic nacre tablets, it can be observed that in this microstructure there is also amalgamation of
aragonite crystallites. Furthermore, the 3D topographic model of the nacreous microstructure, calculated from AFM height
measurements, shows that the alteration produces an inversion in the topography of the nacreous shell layer. Hence, the organic
membranes between the nacre tablets, topographically elevated and well observable in the pristine shell, become depressed in

the altered equivalent. (Fig. 5)

The microstructure of the stony coral Porites sp. shows little change upon hydrothermal alteration after 6 months interaction
with a burial fluid at 80 °C. Neither FE-SEM imaging nor EBSD measurements show major differences between the pristine
and the altered sample. Furthermore, the MUD value of EBSD scans made on Porites sp. does not change after 6 months
alteration. Alike, the comparison of AFM images between pristine and altered shells, does not indicate a significant

reorganization of the micro- and the nanostructure.

Statistical evaluation of grain size gained from EBSD measurements allows us to quantitatively evaluate grain size distribution
in the pristine and altered samples. The area of grains was grouped into clusters of 0.15 pm? (0.10 pm? in the case of the
aragonite nacre tablets for Haliotis ovina). These clusters are ordered by their relative frequencies and are shown in Fig. 9.

This data analysis was carried out for all the microstructures investigated in this study.
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Figure 9. Relative frequency versus grain size/grain area for pristine and hydrothermally altered Arctica islandica, Haliotis
ovina and Porites sp. shells and skeletal elements. (a, b): In Arctica islandica shells, there is a dramatic redistribution of grain
size, such that the amount of smaller grains decreases, while the amount of larger grains in the shell increases. This occurs in
both the outer and the inner layer of Arctica islandica shell. (c, d): In the shell of Haliotis ovina, the two layers follow a
370 different evolution with progressive alteration. The grains in the prismatic layer decrease in size, while in the nacreous layer
the amount of large grains increases. (€) For the coral Porites sp., we do not find significant variations in grain size/grain area

with progressive alteration.
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For the granular microstructure of Arctica islandica we see significant differences between the pristine and the altered shells.
The observed differences are similar for both the outer and the inner layers of the animal. In the pristine shells of Arctica
islandica, most of the grains have a small area. Thus, we find that 50.1% of the grains in the outer and 67.5% of the grains in
the inner layer have an area smaller than 0.825 um?. In contrast, only 0.91% of the grains of the outer layer and 0.13% of the
grains of the inner layer have an area greater than 4.875 um?. Interestingly, after 6 months of hydrothermal alteration, a

reduction occurs in the number of small grains which is coupled to an increase in the number of large grains (Table 1).

The two microstructures of Haliotis ovina shells show a very different behaviour upon hydrothermal alteration. For aragonitic
prisms, there is a general decrease in grain size. The distribution of the relative frequency of the clusters is similar in the
pristine and in the altered sample. However, all the clusters of the altered sample are shifted to the left, that is, towards smaller
grain sizes. In contrast, for nacre tablets most of the grain area data overlaps. An exception occurs in the case of the largest
tablets, whose frequency increases considerably between the pristine and the altered microstructures. Accordingly, the number

of nacre tablets with an area greater than 5 pm? increases from 5.1% in the pristine to 12.2% in the most altered shell.

For Porites sp., we do not observe a major change in grain size/grain area between the pristine and the most altered sample.

The majority of grain-area data overlaps.

Table 1. Change of aragonite grain area/grain size with increasing hydrothermal alteration for inner and outer layers of Arctica
islandica. The drastic decrease in the number of smaller grains and the concomitant increase in the number of larger grains is

striking.

Grains smaller than Grains bigger than
0.825 pm? 4.875 um?
Arctica Islandica Pristine Shell 50.1% 0.91%
Outer Layer | ¢ onths altered shell 27.2% 23.1%
Arctica Islandica Pristine Shell 67.5% 0.13%
Inner Layer 6 months altered shell 28.9% 18.7%
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4 Discussion

4.1 The hydrothermal alteration of aragonitic hard tissues: A multi-step process

The effect of laboratory-based hydrothermal alteration of several aragonitic biominerals has recently been studied in great
detail (Ritter et al., 2017; Casella 2017; Casella 2018; Pederson et al., 2019a, 2019b, 2020). A multi-analytical approach was
used to characterize the hard tissues, both pristine and after their alteration at temperatures above 100 °C, interacting with
meteoric (Mg-free) and burial-mimicking (Mg-bearing) fluids. The comparison between aragonitic microstructures of the
pristine and the altered samples reveals an alteration mechanism that consists of a sequence of intermediate and consecutive

steps.

Structural materials secreted by organisms are composites of biopolymers and minerals arranged in hierarchical architectures
(Weiner and Dove, 2003). In these composites, mineral and organic matrices are intricately interrelated at all scale levels. This
study, as well as previous works, (Casella et al., 2018, Pederson et al., 2019a, 2019b, 2020) deciphered the main intermediate
steps undergone by aragonitic microstructures during hydrothermal alteration. The alteration usually starts with the degradation
of the biopolymers which are incorporated into the biocarbonate material. The fabric of the organic matter within the hard
tissue is either a network of organic fibrils and/or a sequence of organic membranes. The degradation of the organic matter
constitutes the first step of the hydrothermal alteration process and leads to the second alteration step, which consists in the
formation of a network of pores that permeate the biomineral and facilitate the circulation of the hydrothermal fluid (Casella
et al., 2017; Casella et al, 2018). As a result of this rather extensive phenomenon, local dissolution of bioaragonite occurs
concomitant to the precipitation of new, non-biogenic, aragonite (Casella et al., 2018). The precipitation of abiogenic aragonite
is the third step of the hydrothermal alteration and results in an increase of aragonite grain size in the altered samples, relative
to the size of the grains in their pristine counterparts (Casella et al., 2018). The fourth step of the hydrothermal alteration finally
consists in the progressive replacement of both, biogenic as well as newly formed, non-biogenic, aragonite by new, non-
biogenic, calcite crystals (Casella et al., 2017; Casella et al., 2018). In this case, the extent of the replacement depends on a
variety of factors, such as temperature, time, secondary porosity network features, fluid/solid ratio; and might be stopped
before a complete replacement takes place (Sandberg and Hudson, 1983). Ritter et al., (2017) have also shown that the

composition of the hydrothermal fluids can induce changes in the sequence of these alteration steps.

4.2 Hydrothermal alteration kinetics modulated by bioaragonite microstructures

Temperature and time are key parameters in defining the extent of the alteration of the aragonitic hard tissues when these are

exposed to interaction with hydrothermal fluids (Ritter et al., 2017; Pederson et al., 2019a). Regardless of the specific

microstructure of the biocarbonate material, longer interactions and higher temperatures lead to more extensive alterations and
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(iv)

The primary porosity of the biomaterial defines the initial surface area of the microstructure that is exposed to
the hydrothermal fluid and can react with it. Primary porosity strongly influences the very early stages of the

alteration process (Casella et al., 2018; Greiner et al., 2018).

The amount, fabric, distribution and composition of the organic matter within the hard tissue define the
characteristics of the secondary porosity network that results from biopolymer degradation during the first step
of the hydrothermal alteration process. This secondary porosity network adds to the primary porosity and
provides new pathways for the infiltration and circulation of the hydrothermal fluid within the biomaterial (Jonas
et al., 2017; Casella et al., 2018). The tortuosity and permeability of this network, which depend on the shape,
size and interconnectivity of its constituting pores (Forjanes et al., 2020a) define the extent of hydrothermal fluid

infiltration through the hard tissue (Casella et al., 2018).

Microstructures in biological hard tissues result from an intimate interlinkage between minerals and organic
matter, at all scale levels. This interlinkage determines that the architecture of the mineral component can
influence the kinetics of the degradation of the organics and, thereby, modulate the formation of the secondary
porosity network. Mineral microarchitecture and biopolymer characteristics are taxon or even species-specific
(Carter and Clark, 1985). This explains that different biological aragonitic hard tissues show different
susceptibilities to hydrothermal alteration such that, while exposed to identical hydrothermal alteration
conditions, some undergo a complete overprint of their pristine features, while others remain virtually unaltered

(this study and Casella et al., 2018).

The solubility of the bioaragonite depends on factors such as crystal morphology, composition and amount of
occluded biopolymers. Biogenic aragonite can incorporate small amounts of Sr>*, Ba?" and other ionic impurities
into the crystal lattice. The presence of these impurities stresses the aragonite crystal structure and the resulting
effect is an increase of aragonite solubility (Lippmann 1977, 1980, 1991; Plummer and Busenberg, 1987;
Astilleros et al., 2003; Prieto 2009). Alike, the occlusion of biopolymer fibrils within biogenic aragonite crystals
causes anisotropic lattice distortions of their lattice (Pokroy et al., 2006). This results as well in an increased
solubility of biogenic aragonite, relative to that of the non-biogenic equivalent (Chave et al., 1982; Busenberg

and Plummer, 1985).
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v) The third step that marks the progress of the alteration of aragonitic hard tissues involves the dissolution of
biogenic aragonite and the precipitation of non-biogenic aragonite. Consequently, the fourth step is given by the
dissolution of both aragonite types, biogenic and non-biogenic, and the concomitant precipitation of abiogenic
calcite. Small differences in aragonite solubility influence the development of the dissolution-crystallization

reactions and affect the kinetics of the entire alteration process and mechanism.

It should be noted that, in the presence of fluids, porosity networks have a transient nature (Putnis, 2015). The dissolution-
crystallization reactions that take place during the third and fourth steps of the hydrothermal alteration process are connected
to solubility and molar volume changes. When, as a result of these changes, a partial or total obliteration of the biological hard
tissue porosity network takes place in the course of the third alteration step, the fourth step of the alteration process cannot

progress; it is either hindered or even totally precluded (Putnis et al., 2005; Jonas et al., 2014; Putnis, 2015).

4.3 The Role of Temperature and Time in the Hydrothermal Alteration of Aragonitic Hard Tissues.

Fig. 10 summarizes the different steps of the hydrothermal alteration process experienced by the outer and inner granular shell
layers of the bivalve Arctica islandica, the outer prismatic and inner nacreous layers of the shell of the gastropod Haliotis
ovina and the acicular, spherulitic, skeleton of the coral Porites sp. when being exposed to a burial fluid at (i) 175°C for 35
days (Casella et al., 2018; high-temperature/short-term alteration) and at (ii) 80°C for 6 months (this study; low-
temperature/long-term alteration). It is quite evident that, at both temperatures, the different hard tissues reach different stages

of hydrothermal alteration.

4.3.1 High Temperature — Short Term Experiments (Work of Casella et al., 2018)

At 175°C, the shell of Arctica islandica undergoes severe overprint with complete, in the outer layer, to extensive, in the inner
layer, replacement of the biogenic aragonite by abiogenic calcite. Significant overprint also affects the prismatic shell layer of
Haliotis ovina, which is extensively replaced by calcite. In contrast, the microstructures of the skeleton of Porites sp. and the
nacreous layer of Haliotis ovina shells are very resistant to hydrothermal overprint. Despite being resistant to alteration,
Haliotis ovina and Porites sp. show extensive formation of abiogenic aragonite. This leads to the amalgamation of aragonite
acicles and fibrils, in the Porifes sp. skeleton, and of aragonite tablets, in the nacreous portion of the Haliotis ovina shell.
Nonetheless, the amount of biogenic aragonite replaced by abiogenic calcite is little in Porites sp. and negligible in Haliotis
ovina nacre tablets. The variability of the alteration kinetics of the above mentioned hard tissues at 175 °C was interpreted by
Casella et al., (2018) as arising from the combined effect of (i) the topological characteristics of the porosity network formed

as a consequence of biopolymer degradation (the first two steps of the alteration process) and (ii) the changes of the
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microstructure of the biomaterial triggered by the porosity during the precipitation of new, abiogenic, aragonite (the third step

of the alteration process).

At temperatures above 160 °C, and in the presence of a hydrothermal fluid, biopolymers degrade rapidly, often within few
days (Benezeth et al., 1997; Jonas et al., 2017). In the outer and inner shell layers of Arctica islandica and in the prismatic
layer of the Haliotis ovina shell, aragonitic mineral units are immersed into a network of biopolymer fibrils (Casella et al.,
2018). The degradation of these fibrils results in a porosity network that is pervasive, consisting of large, interconnected pores,
and provides a pathway for the infiltration of the hydrothermal fluid. However, pore space is significantly reduced as new
aragonite precipitates during the third step of the hydrothermal alteration process (Ritter et al., 2017; Casella et al., 2018;
Pederson et al., 2019a, 2019b, 2020). The topological characteristics of this porosity network affect the replacement of the
aragonitic biological hard tissue by new, abiogenic, calcite, as increased aragonite surface becomes exposed to the
hydrothermal fluid. This leads to the significant overprint of the pristine features of granular Arctica islandica and prismatic

aragonite in Haliotis ovina hard tissues.

The behaviour of Porites sp. acicular and Haliotis ovina nacreous aragonite against hydrothermal alteration is different. The
skeleton of the coral Porites sp. has a vast primary porosity (Griesshaber et al., 2017; Casella et al., 2018). However, the
microstructure of this biological hard tissue is very dense and compact. Accordingly, little porosity is generated within the
bioaragonite as a result of biopolymer degradation. In addition, the scarce, newly formed, porosity disappears as aragonite
fibres abut with each other during the third step of hydrothermal alteration process (Casella et al., 2018). This reduces the
surface area of the bioaragonite that is in contact with the hydrothermal fluid. In the nacreous shell layer of Haliotis ovina the
degradation of organic sheaths around aragonite tablets generates a large porosity network. This porosity disappears during
the third hydrothermal alteration step due to abiogenic aragonite precipitation between the tablets at the sites formerly occupied
by the organics. The resulting effect is extensive tablet amalgamation. Thus, in Porites sp. and Haliotis ovina nacre tablets,
abiogenic aragonite formation prevents the alteration to progress further and limits the overprint of the pristine features of the

hard tissue.

The Arrhenius equation predicts double reaction rate constants as temperature increases by 10°C (Arrhenius, 1889).
Accordingly, the temperature-dependent alteration processes should progress 20 times slower at 80°C than at 175°C. The more
sluggish kinetics of the alteration process explains that, despite the longer duration (180 days) of the experiments conducted
at 80°C, all investigated hard tissues undergo a much milder overprinting of their pristine features, relative to what is observed
in short-time experiments conducted at higher temperatures (e.g. Pederson et al., 2019a: (Porites sp. at 130°C altered for 8
weeks and at 160°C altered for 4 weeks; Jonas et al., 2017: Porites sp. and Arctica islandica altered at 200°C between 1 and

20 days).

24



535

540

545

550

555

560

Biopolymer degradation, which defines the first step of the hydrothermal alteration process and generates the secondary
porosity network, is, indeed, a temperature-dependent process (Moussout et al., 2016). Biopolymers decompose through
processes that involve depolymerization, bond scission, loss of functional groups and formation of free radicals (Gaffey 1988;
Gaffey et al., 1991). Under dry conditions, these processes take place very slowly up to temperatures that depend on the
composition and the structure of the biopolymer. Biopolymer decomposition temperatures can be as high at 250°C for small
biomolecules with simpler structures or might even be well above 300°C for larger and more complex biomolecules (Tiwari
and Raj, 2015). In the presence of water, biopolymer degradation accelerates significantly (Gaffey 1988; Gaffey et al., 1991;
Bénézeth et al., 1997) and can reach completion, when heated for 10*-10° years, even at temperatures as low as 40°C-80°C;
the temperatures that prevail in the shallow burial diagenetic realm (Gaffey et al., 1991; Petrova et al., 2002; Le Bayon et al.,
2011).

The organic component of biological hard tissues consists of complex mixtures of polysaccharides, proteins, glycoproteins
and glycosaminoglycans and these degrade at different temperatures and rates (Gaffey, 1988; Gaffey et al., 1991; Tiwari and
Raj, 2015) and are species-specific (Marie et al., 2011; Drake et al., 2013; Le Pabic et al., 2017). Accordingly, there will be
slightly different degradation pathways for the organic matter of the hard tissues of the different organisms (Keenan and Engel,
2017). In addition, water-soluble and -insoluble macromolecules are found in the structural materials of biocarbonates (Weiner
and Traub, 1984; Goffredo et al., 2011; Sancho-Tomas et al., 2013). Therefore, it is likely that, prior to the complete
degradation of the biopolymers, the organic matrices will reorganize and some of their soluble components will be released
into the alteration fluid, especially at low temperatures. Since biopolymers contain a variety of functional groups, this release
can influence the progress of the hydrothermal alteration. It is well known that active moieties like peptide or carboxylic groups
affect both the dissolution and the crystallization of calcium carbonate polymorphs through a variety of mechanisms. This
influence is especially important when, as it occurs in the experiments conducted in this study, the fluid phase contains Mg>*
ions, as the latter inhibit the crystallization of calcite and promote the formation of the less stable aragonite (Berner 1975;
Fernandez-Diaz et al., 1996; Morse et al., 2007, De Choudens-Sanchez and Gonzalez, 2009; Astilleros et al., 2010; Nielsen et
al., 2013; Sun et al., 2015). It has been reported that the inhibitory effect of Mg?" ions for calcite crystallization can be overcome
with hydrophilic peptides since they enhance Mg?" desolvation and shift the CaCOs polymorphic distribution towards the
formation of Mg-calcite (Stephenson et al., 2008; Wang et al., 2009; Nindiyasari et al., 2014a; 2014b; Yin et al., 2019). Similar
Mg-calcite crystallization-promoting effects have been observed in CaCOs crystallization experiments conducted in the

presence of proteinaceous extracts from a variety of coral skeletons (Sancho-Tomas et al., 2013, 2016).
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Figure 10. Main intermediate stages of alteration reached by the different aragonitic microstructures from this work when
hydrothermally altered at 80°C (this work) and 175°C (Casella et al., 2018). In general, alteration at higher temperatures alter
570 the microstructures more, so they reach further alteration stages. Contrarily, when the temperature is lower, the alteration is

milder and the aragonitic microstructures reach previous alteration stages.
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4.3.2 Long Temperature, Long Term Experiments (this work)

The organic matrix of Porites sp. and Arctica islandica are fully decomposed only at temperatures > 160°C, while at 100°C
only some dissolution and redistribution of the organics is observed, even after 20 weeks of alteration (Jonas et al., 2017, Ritter
et al., 2017; Pederson et al., 2019a, 2019b, 2020). In this work, with alteration taking place for even a longer time, 24 weeks,
the slower kinetics of biopolymer decomposition at 80°C explains the small loss of organics in the case of Porites sp. Despite
the high primary porosity of coral skeletons and the high amount of soluble macromolecules in coral organic matter, the
smallest biopolymer loss (7 wt.%) is observed in the skeleton of Porifes sp. This minor loss of organics is most likely a
consequence of the combined effect of slow degradation kinetics coupled to the protecting effect of the very dense coral
microstructure. The compactness of Porites sp. skeletal aragonite restricts the interaction between the organic matter and the
hydrothermal fluid to the outer surfaces of the skeleton and to the calcification centres. Hence, significant biopolymer

dissolution and remobilization within coral aragonite is hindered.

In contrast, significant decomposition of organics is found in the altered shells of Haliotis ovina. (20 wt.%) and Arctica
islandica. (30 wt.%), respectively. This high impact of the low-temperature hydrothermal conditions on the
dissolution/decomposition of the organic substance is most likely a consequence of the less compact nature of the
microstructures of these shells (Casella et al., 2018; Greiner et al., 2018) and is further modulated by the ratio between soluble
and insoluble macromolecules and spatial arrangements of the organic matrix in Haliotis ovina and Arctica islandica hard

tissues.

Our study shows that the difference in dissolution/decomposition of organics present within the hard tissues is a key parameter
in the generation of different volumes of secondary porosity, which adds up to the primary porosity initially present in the
studied biomaterials. Accordingly, the hard tissue of Porites sp. shows a negligible 0.1 wt.% replacement of pristine
bioaragonite by abiogenic calcite at 80 °C. Pristine and altered samples of Porites sp. consist of aragonite crystals that are
poorly co-oriented: EBSD scans show identical MUD values: 10 (Fig. 6). In addition, significant differences between the
surfaces of pristine and altered Porites sp. samples cannot be detected. AFM images show that pristine and altered Porites sp.
surfaces consist of similarly shaped and sized grains, without any detectable signs of mineral unit amalgamation. Statistical
analysis of grain size distribution yields no significant difference in grain size between pristine and altered Porites sp. samples.
On the basis of all these observations we come to the conclusion that Porifes sp. skeletons are extremely resistant to long-term
hydrothermal alteration at low temperatures. This conclusion is in good agreement with the limited overprint experienced by
Porites sp. skeletons in short-term hydrothermal alteration experiments, performed at significantly higher temperatures, 175
°C (Casella et al., 2018; Pederson et al., 2019a). Nevertheless, we cannot completely discard that the microstructure of Porites
sp. may have undergone some minor modifications bypassed by the analytical techniques used in this work. The skeleton of

Porites sp. was the only one among the samples studied in this work that was collected post-mortem. Therefore, it may have
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undergone some modifications prior to the beginning of the hydrothermal alteration experiments due to the metabolism of
bacteria, algae, boring organisms, etc. Some signs in figure A12 hint to these modifications, which may have created additional
routes for the migration of the diagenetic fluids. In any case, the extensive precipitation of abiogenic aragonite that
characterizes the second step of the alteration of aragonitic hard tissues was not detected in Porites sp. by any of the techniques
used in this work. This contrasts with the results of Casella et al., (2018) where, apart from extensive aragonite transformation
into calcite, a reorganization of the aragonite crystals was observed (increase of MUD value, morphological changes in the

crystals, etc.). These changes have not been observed in this work

The altered shell of Arctica islandica exhibits at 80 °C little replacement (1 wt. %) of aragonite by abiogenic calcite, even
though, many of the original features of Arctica islandica shells appear to be moderately overprinted in the altered samples.
Compared to pristine Arctica islandica shells, altered samples consist of aragonite crystals that are less co-oriented, with a
drop in the MUD values from 59 to 16 in the inner layer, and from 8 to 4 in the outer layer, respectively. The drop in aragonite
crystal co-orientation strength correlates with an increase in aragonite grain size. The growth in aragonite grain size is well
detectable with AFM imaging (Fig. 5), where signs of crystal amalgamation are clearly visible. These changes can be explained
as the result of the generation of a relatively small amount of secondary porosity, most likely due to remobilization and
dissolution of soluble macromolecules. These may be released to the fluid at incipient decomposition of insoluble biopolymers.
The poorly structured nature of inner and outer layers of the Arctica islandica shell facilitates the connection between pores in

the secondary porosity network and facilitates, accordingly, the interaction with the alteration fluid.

When the hydrothermal overprint starts, the fluid is equilibrated with atmospheric CO, and contains no Ca*". Therefore, it is
undersaturated with respect to aragonite, a disequilibrium that triggers the dissolution of the carbonate hard tissue. It was
explained above that biogenic aragonites are more soluble than their abiogenic counterparts due to the anisotropic distortion
caused by the occlusion of biopolymers into the aragonite structure. Therefore, once the hydrothermal fluid in the pores
becomes equilibrated with the biogenic aragonite of Arctica islandica, it becomes supersaturated with respect to abiogenic
aragonite and, more so, with respect to calcite. At this stage, the nucleation of both phases is possible in the pores (Ruiz-Agudo

et al., 2014).

Two main factors might promote the formation of abiogenic aragonite instead of abiogenic calcite: (i) the presence of Mg?*
ions in the fluid, which inhibits the nucleation and growth of calcite (Berner 1975; Fernandez-Diaz et al., 1996; Morse et al.,
2007, Astilleros et al., 2010; Nielsen et al., 2013), and, therefore, promotes the precipitation of metastable aragonite and, (ii)
the energy barrier associated with heterogeneous nucleation, which is reduced when the substrate and the overgrowth have the
same nature (Van der Merwe 1978; Chernov, 1984; Forjanes et al., 2020b). Therefore, the epitactic growth of aragonite on the
pre-existing aragonite grains is favoured over calcite. In our study, the formation of aragonite nuclei explains the increase in

the average size of aragonite grains in altered samples. Since aragonite grains in pristine Arctica islandica shells are little co-

28



645

650

655

660

665

670

oriented, epitactic growth of abiogenic aragonite can also cause a reduction in MUD values of the altered samples. In addition,
epitactic growth of abiogenic aragonite leads to amalgamation of aragonite crystals and destruction of porosity. Reduction of
porosity and crystal amalgamation limits the percolation of the hydrothermal fluid within the hard tissue and prevents that the
fourth alteration step, the replacement of aragonite by calcite, reaches any significance in any layer of Arctica islandica shells,

at least within the duration of experiments conducted in this study.

The size distribution of aragonite crystals is different between pristine and altered Arctica islandica shells. Large-sized crystals
are more frequent while small-sized crystals are less frequent, in both, the inner and the outer layers of altered Arctica islandica
shells, relative to those measured in the pristine hard tissue. This difference in grain size distribution can be explained by the
development of an Ostwald ripening process in which the preferential dissolution of the smallest, less stable, aragonite grains
and the simultaneous growth of the largest crystals reduces the surface free energy of the system and results in an increase of
the average aragonite crystal size and a shift of crystal size distribution towards higher values (Baronnet, 1982; Kile et al.,
2000; Noguera et al., 2006; Vetter et al., 2013). Ostwald ripening processes occur under low levels of supersaturation, as it is

the case for the biogenic aragonite dissolution-abiogenic aragonite precipitation reaction (Baronnet, 1982).

The strongest replacement of aragonite by abiogenic calcite during hydrothermal alteration at 80°C is observed for the shell of
Haliotis ovina (16 wt.%). However, this replacement occurs exclusively in the prismatic shell layer, while, for the experiments
conducted in this study, no replacement is observable in the nacreous shell layer of Haliotis ovina. Other hydrothermal
alteration characteristics are also developed differently in the two shell layers of Haliotis ovina. While aragonite crystals in the
prismatic shell layer become smaller-sized and less co-oriented, with a drop from 19 to 8 in MUD value, in the nacreous layer
the size and the co-orientation strength of aragonite crystals increase significantly with progressive overprint. The very
different response of Haliotis ovina prismatic and nacreous layers to hydrothermal alteration is a consequence of their different
microstructures as well as content and distribution of biopolymers. Nacre is the aragonitic microstructure with the highest
content of biopolymers of the samples investigated in this study (Fig. 5). AFM imaging of the altered nacreous shell layer
depicts the formation of grooves between the nacre tablets. This is indicative of an extensive dissolution/decomposition of the
organic sheaths that envelope the tablets and results in the generation of a large volume of interconnected secondary porosity.

This porosity facilitates the infiltration of the nacreous layer by the hydrothermal fluid.

The decay of biopolymers also generates a certain volume of secondary porosity in the prismatic shell layer. The less structured
microstructure of this layer might induce that this porosity has also a high interconnectivity, even if its volume is smaller,
relative to that of the nacreous shell layer. In both layers, secondary porosity guarantees the interaction with the hydrothermal
fluid over an enlarged surface of the mineralized tissue. During the first 4 months of hydrothermal alteration there is no
significant replacement of aragonite by calcite (Fig. A2). Therefore, it can be assumed that once the hydrothermal fluid

equilibrates locally with the biogenic aragonite in the pores and becomes supersaturated with respect to abiogenic aragonite,
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aragonite nucleation will take place. Aragonite nucleation triggers the dissolution of biogenic aragonite and the crystallization
of abiogenic aragonite through the formation of a dissolution-crystallization crystallization loops. (Putnis, 2002, 2009; Ruiz-
Agudo etal., 2014). The evolution in crystal size distribution in the prismatic and the nacreous layers in Haliotis ovina indicates
that this feedback affects both shell layers, however, in a different way. Whereas the crystal size of the prismatic aragonite
decreases during progressive alteration; the opposite occurs in the nacreous layer, where crystal size increases. The difference
in aragonite crystal size evolution can be explained if most biogenic aragonite dissolution takes place in the prismatic layer
and most abiogenic aragonite growth occurs in the nacreous layer. This interpretation is supported by the clear signs of nacre
tablet amalgamation that is observed in AFM images of the altered nacreous shell layer (Fig. 4 and 5). A preferential epitactic
nucleation and subsequent growth of abiogenic aragonite on nacre tablets explains the large increase in aragonite co-orientation
strength in the nacreous layer during hydrothermal alteration at 80°C. Several factors can favour abiogenic aragonite nucleation
on nacre tables rather than on the aragonite prisms. Not all crystal surfaces are equally stable and the fibre-shaped crystals in
the prismatic layer may be more prone to dissolution, relative to nacre tablets. Differences in the amount of biopolymer fibrils
occluded in each type of crystals may also affect they relative stability. The epitactic growth of abiogenic aragonite on nacre
tablets and the subsequent tablet amalgamation eliminates all the secondary porosity, making it very resistant to further
hydrothermal alteration. Once nacre tablets growth is no longer possible, abiogenic calcite eventually nucleates within the
prismatic layer. This nucleation triggers the aragonite dissolution-calcite crystallization reaction, whose development, even
though limited for the timespan of the performed experiments in this study, may have contributed to further decrease of the

size of the aragonite crystals in the prismatic layer of the altered Haliotis ovina shell.

5 Conclusions

The susceptibility of biocarbonates to resist diagenetic overprint is strongly influenced by several primary features, such as the
carbonate phase, the microstructure of the mineral component or the distribution and fabric of the organic matter within the
composite hard tissue, among others. Laboratory-based hydrothermal alteration experiments offer important insights into the
fate of biocarbonate hard tissues when responding to diagenetic alteration. While previous studies investigated the effect of
high-temperature and short-term hydrothermal alteration on the change of biocarbonate microstructures (Casella et al., 2017,
Casella et al., 2018, Pederson et al., 2019a, 2019b, 2020), the emphasis of this work is placed on the influence of low-

temperature and long-term hydrothermal overprint processes of biologically secreted aragonite microstructures.

We deduce from our study the following conclusions:

1. We identify several intermediate stages during the overprint of aragonitic hard tissues: (I) decomposition of
biopolymers, (II) gain of secondary porosity, (IIT) dissolution of the biogenic aragonite and precipitation of abiogenic

aragonite, (IV) replacement of the biogenic and abiogenic aragonite by abiogenic calcite.
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Depending on the composition, fabric and pattern of distribution of the organic matter within the biological hard
tissue, hydrothermal alteration induces the formation of secondary porosity. The latter porosity adds to the primary

porosity and facilitates the penetration and circulation of the hydrothermal fluid.

The porosity network greatly affects the kinetics of the alteration process, irrespective of the alteration temperature.
The tortuosity and permeability of the porosity network defines the extent of infiltration and percolation of the
alteration fluid into the hard tissue. This explains that different biological aragonitic hard tissues show different
susceptibilities to hydrothermal alteration. For similar alteration conditions, some microstructures undergo significant

to complete overprint of their pristine features, while others remain virtually unaffected.

For most aragonitic microstructures, except for the microstructure of Porites sp., incipient formation of abiogenic
aragonite is observed at the very beginning of the overprint process. Biogenic aragonite dissolves and recrystallizes

into abiogenic aragonite.

Precipitation of abiogenic aragonite occurs always prior to calcite precipitation. This is supported by the observation
of several processes affecting the aragonitic microstructures which take place without a phase change. These
processes are: the increase in the size of the aragonite crystals, the amalgamation of adjacent crystals and the decrease

in crystal co-orientation strength for amalgamated crystals.

Our results have major implications for paleoenvironmental reconstruction based on proxy data gained from fossil
archives. Our findings suggest that, due to diagenesis, most fossil carbonate hard tissues are overprinted, even if they

do not show clear signs of carbonate phase change and microstructure destruction.
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Arctica islandica

Haliotis ovina

Porites sp.

Figure Al. Preparation of Arctica islandica, Haliotis ovina shells and Porites sp. skeletons for hydrothermal alteration
experiments. A long section was cut out of the hard tissue (Figs. Ala, d, g). Subsequently, it was sectioned into three parts:
P1, P2, P3 (Figs. Alb, e, h). The pieces were then altered. P1 was used for laser confocal microscopy and atomic force
microscopy (AFM) imaging; P2 was used for FE-SEM imaging and EBSD measurements and P3 was powdered and used for
XRD and TGA measurements; the XRD data formed the basis for Rietveld refinements.
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Figure A2. X-ray diffractograms of the hydrothermally altered shells and skeletons of Arctica islandica, Haliotis ovina and
Porites sp. Alteration was performed at 80°C in a Mg-rich, burial-mimicking fluid (100 mM NaCl + 10 mM MgCl,) and lasted

for 4 and 6 months.

43



1080

1085

Arctica islandica Arctica islandica Arctica islandica Arctica islandica
Inner Layer Pristine Outer Layer Pristine 4 months alteration 6 months alteration
100 pa% 10 00 UL - 1o 1004 — 151% N 100+ — = 1. '
. os . LS RY] -
£ - 1" g w - o 90 285°C A F 0 e \ 05
N ] Tz T G s & 418 05 L
» g 42 00 % g oG 00 5 o . = —
3wy E 3w E 2w y £ £ w \ z
£ sk E 052 = | e {00 S 3 | 14225%  Joo =
5 & £ J \
2 - . 2 . g.g,' 0 oo .- § . e 2
i 05
@ S otimin 15 801 secimin \ 5 801 scimin 1.0 801 soirmin S
I it — s Air 3 Air -
0 200 300 400 500 600 70D 600 @60 1000 T Tabo 200 sbo 400 s0o abo oo B0 900 L s e g e e e ey R o e . e ey e
Temperature [C] Temperature ['C] Temperature (°C) Temperature (C)
Haliotis ovina Haliotis ovina Haliotis ovina
Pristine 4 months alteration 6 months alteration
1.0 1.0
wol SEE - 100 5 o ams L . 2aT%
F N g ® 202 05 F 0 288°C 08
T | . = = -
g &0 e ‘\ E '_3 & E g 80 >E
) N 2 % Ve |2 3 \| g
2 0 A \1‘ L4252 * 2 T i < gm || s2a2s <
° ) ! o 1 05 © souec 05
*1 somn | - ol —— N
i -
50 T T = A‘" —r T T e -1.0 5 .“\’ T T T T e SR 1.0
100 200 200 400 500 600 700 8OO 100 200 300 400 500 €00 700 800 900 100 200 300 400 500 €00 700 BOO 900
Temparatura [°C] Temperature (°C) Temperature (°C)
Porites sp. Porites sp. Porites sp.
Pristine 4 months alteration 6 months alteration
1.0 1.0
100 2 210% 7' W04—  — o esk 100+ B 1 L
™, 1oc 5
F o Ay 18 g © 05 _ w] 05
9 — \,\ 0.0 SE 284°C < §. 85 285°C i
L I~ U R - g E i — 3
= Vo . = - 00 = = 4309% 00 =
_-%1 | -05 E s‘ E B o E
2 W\ jaz20w 1 <o 70 Lrome < E ! =3
W 410 = s =1 | 8gaC os
12 o5 -
L0 P | e P g, ] 4 o |
Alr A o Air e —
o 260 ldﬂ BOO SAD 8 100 200 300 400 500 600 700 800 800 " 100 200 300 400 500 600 700 800 S00 12

Figure A3. Thermogravimetric analysis data of pristine and altered hard tissues of Arctica islandica, Haliotis ovina and Porites

sp. shells and skeletal elements. Alteration was performed at 80°C in a Mg-rich, burial-mimicking fluid (100 mM NaCl + 10

Temperature [°C]

mM MgCly) and lasted for 4 and 6 months.

44

Temperature (°C)

Temperature (°C)



Pristine 6 months alteration

Growth Line /

Figure A4. Laser confocal microscopy images of (a-c) pristine and (d-f) altered shells of Arctica islandica. The shells display
a homogeneous internal structure where porosity and growth lines can be observed. After 6 months of hydrothermal alteration,
major changes to the shell structure cannot be observed with laser confocal microscopy imaging.
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Pristine 6 months alteration

Seawater

Inner Layer

Outer Layer -

Figure AS. FE-SEM images of (a,b) pristine and (c,d) altered shells of the bivalve Arctica islandica. The shell consists of an
assemblage of irregular aragonite crystals embedded in a network of biopolymer fibres (this study and Casella et al., 2017,
2018). Two layers comprise the shell, both with abundant pores and growth lines (c,d). Hydrothermal alteration at 80 °C in a
burial-mimicking fluid, for 4 and 6 months does not inflict significant shell structure reorganization and change that can be

observed with FE-SEM imaging.
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Pristine 6 months alteration

Outer Layer

Inner Layer

1100 Figure A6. EBSD band contrast and phase maps illustrating the differences in the microstructure and mineralogy between the
pristine and the most altered shell of Arctica islandica after 6 months of hydrothermal alteration with a Mg-rich, burial, fluid

at 80°C. A phase change is not observable.
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Figure A7. Laser confocal microscopy images of (a-c) pristine and (d-f) altered shells of Haliotis ovina. The shell is composed
of two layers: a prismatic outer layer and a nacreous inner layer close to the animal soft tissue. While the nacreous layer shows
no major structural change upon alteration, large calcite crystals can be observed in the prismatic layer after 6 months

interaction with the burial fluid.
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1120

1125

Figure A8. FE-SEM images depicting the internal structure of (a,c) pristine and of (d-f) altered shells of the gastropod Haliotis
ovina. (a) Haliotis ovina shells consist of two layers: (b) An outer layer formed of aragonite prisms up to 3 micrometres in
width and (c) an inner layer next to the soft tissue of the animal consisting of columnar assemblies of nacre tablets. (d-f)
Hydrothermal alteration of Haliotis ovina shells for 6 months at 80°C in a burial fluid leads to the formation of new calcite
crystals in the prismatic layer. These calcite crystals are concentrated at the interphase between the prisms and the nacre tablets.
The aragonitic nacre tablets do not show transformation into calcite. However, tablet amalgamation is well observable as the

edges and margins within stacks of tablets become blurred (white arrow in Fig A8d).
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Figure A9. FE-SEM images showing the (a) prismatic and (b) nacreous layers of the shell of the gastropod Haliotis ovina. (a)
Aragonitic prisms which build the outer layer of the shell are not similar in size. Small prisms form the outermost shell layers,
while large prisms accumulate at the transition to the nacreous shell portion. (a, b) Aragonitic nacre tablet assemblies are next

to the soft tissue of the animal. The tablets have a width in cross-section between 400 to 500 nm.
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Pristine 6 months alteration

Aragonite

Calcite

Boundary

Aragonite Nacre

Aragonite Prisms

1130 Figure A10. EBSD band contrast and phase maps illustrating differences in microstructure and mineralogy between the
pristine and the most altered shells of Haliotis ovina; alteration lasted for 6 months and was done with a Mg-rich, burial-
mimicking fluid at an alteration temperature of 80 °C. It is well visible that large parts of the prismatic layer are transformed

to calcite, while the nacreous shell layer still consists solely of aragonite.
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Figure A11. Laser confocal microscopy images of: (a-c) the pristine and the (d-f) altered skeleton of Porites sp. This coral
species has a huge primary porosity, while the aragonitic hard tissue itself is densely mineralized (a to ¢). Aragonite acicles,
needles and fibrils grow out of centres of calcification (a). Hydrothermal alteration for 6 months, at 80 °C in a Mg-rich fluid
does not induce significant changes to the skeleton microstructure, as visible in Figs. A11d to A11f.
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Pristine 6 months alteration

EBSD analysis

Figure A12. SEM images showing the (a,b) pristine and (c,d) altered skeletons of the coral Porites sp. The stony skeleton of
Porites sp. has abundant intrinsic porosity within the mineralized units. The aragonite grows as fibrils outward from the centres
of calcification. (c,d) The aragonitic microstructure of the coral Porites sp. is extremely resistant and undergoes no major

1145  changes upon hydrothermal alteration with a burial-mimicking fluid for 6 months at 80°C according to SEM images.
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Figure A13. EBSD band contrast and phase maps illustrating the differences in microstructure and mineralogy between the

1150 pristine and the most altered skeletons of Porites sp.

Haliotis ovina + 6 months interaction with Burial Fluid
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Figure A14. Exemplary Rietveld refinement plot for an altered Haliotis ovina sample (6 months, 80 °C in Mg-rich fluid). Red
1155 dots: data points, black line: calculated XRD profile, bottom blue line: difference between observed and calculated data, blue

vertical bars: positions of aragonite diffraction peaks, red vertical bars: position of calcite diffraction peaks.
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