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Abstract. The assessment of diagenetic overprintrocrostructural and geochemical data gained frossif@rchives is of
fundamental importance for understanding palaeoenrients. The correct reconstruction of past envirental dynamics
is only possible when pristine skeletons are unempailly distinguished from altered skeletal elerse@ur previous studies
show (i) that replacement of biogenic carbonate ibhgrganic calcite occurs via an interface-coupladsalution-
reprecipitation mechanism. (ii) A comprehensive ensthnding of alteration of the biogenic skeletsronly given when
structural changes are assessed on both, the natm®as well as on the nanometre scale.

In the present contribution we investigate expentakhydrothermal alteration of six different moddsiogenic
carbonate materials to (i) assess their potentiaivithstand diagenetic overprint and to find (ihacacteristics for the
preservation of their microstructure in the fossitord. Experiments were performed at 175 °C witb@ mM NaCl + 10
mM MgCl, alteration solution and lasted for up to 35 d&ar. each type of microstructure we examine (i)ekelution of
biogenic carbonate replacement by inorganic cal¢ifehighlight different stages of abiogenic carlate formation, (iii)
explore microstructural changes at different deg@&fealteration, and (iv) perform a statistical leaéion of microstructural
data to highlight changes in crystallite size bemhe pristine and the altered skeletons.

We find that alteration of biogenic aragonite toriganic calcite proceeds along pathways whereltie énters the
material. It is fastest in hard tissues with anstmg primary porosity and a biopolymer fabric viitithe skeleton that
consists of a network of fibrils. The slowest at@n kinetics occurs when biogenic nacreous arégas replaced by
inorganic calcite, irrespective of the mode of adsly of nacre tablets. For all investigated biogenarbonates we
distinguish the following intermediate stages @éi@ition: (i) decomposition of biopolymers and #éssociated formation of
secondary porosity, (i) homoepitactic overgrowtithwpreservation of the original phase leading toalyamation of
neighboring mineral units (i.e. recrystatition by grain growth eliminating grain boundarijgs)) deletion of the original
microstructure, however, at first, under retentmnthe original mineralogical phase, and (iv) regkment of both, the
pristine microstructure and original phase with legvly formed abiogenic product.

At the alteration front we find between newly fominealcite and reworked biogenic aragonite the foionaof
metastable Mg-rich carbonates with a calcite-tyjpecture and compositions ranging from dolomiticatsout 80 ma %

magnesite. This high-Mg calcite seam shifts witk #iteration front when the latter is displacedhimitthe unaltered
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biogenic aragonite. For all investigated biocarlerraard tissues we observe the destruction of tlheostructure first, and,

in a second step, the replacement of the origiithl the newly-formed phase.

1 Introduction

Biomineralised hard parts composed of calcium qaab® form the basis of studies of past climate ohos and
environmental change. However, the greatest clgglehat all biological archives face lies in theapacity to retain
original signatures, as alteration of them stamséediately upon death of the organism (e.g., Patteand Walter, 1994; Ku
et al., 1999; Brand, 2004; Zazzo et al., 20@4asella et al. 2018a, 2018b).

Despite previous extensive research, carbonatewkéess is still only partly understood (e.g., Bastyw1975, Brand
and Veizer, 1980, 1981; Swart, 2015) as many s$uddressing the evolution of parameters that enfle diagenetic
alteration, are discussed only in a qualitative nearfBrand and Veizer, 1980, 1981; Swart, 2015hpdrticular, deciphering
the sequence of processes and, thus, pathwayteoitadn poses major problems in carbonate diageflesmenhauser et
al., 2015; Swart, 2015; Ullmann and Korte, 2015)r @revious study on the shell of the modern bigakctica islandica
has shown that laboratory-based, simulated diageak¢ration discloses microstructural and geodbahfeatures that are
comparable to those found in fossil specimens (Gasé al., 2017; Ritter et al., 2017). Howevere ttited studies were
performed on the hard tissue of only one taxon.d&arore comprehensive understanding of microstracand chemical
controls at diagenesis we extend our studies td tissues of other modern marine carbonate bioraiisers such as the
bivalve Mytilus edulis, the coralPorites sp., and the gastropddaliotis ovina. With these we cover the major calcium
carbonate phases and, with the inclusion of th# ehé\. islandica, six distinct microstructures. When selecting oiges
for this study, strict care was taken to investgdinse taxa where fossil counterparts are ofted f palaeoclimate and
palaeoenvironmental reconstruction.

The bivalve A. islandica has been studied extensively in many scientifieldi such as palaeontology,
pakeoecology, biostratigraphy and gabclimate research (e.g., Marchitto et al., 200dgRay et al., 2011; Strahl et al.,
2011; Wanamaker et al., 2011; Karney et al., 2&rause-Nehring et al., 2012; Butler et al., 20P013; Schone, 2013).
The first occurrence oA. islandica in the Mediterranean Sea is of historical imporgaand was used until 2010 to mark the
former Pliocene—Pleistocene boundary (e.g., Crgomh Raineri, 2015; Crippa et al., 2016). As longdi organisms, stony
corals attract great interest for the reconstructibpalaeoclimates derived from skeletal oxygeraigic compositions and
major element abundances, as these geochemicalsigary in response to changes in seawater tetoperge.g., Heiss,
1994; Cohen et al., 2001; McGregor and Gagan, 2808pne et al., 2004, 2005a, 2005b; Korte et 052B6hm et al.,
2006; Allison et al., 2007; Meibom et al., 2007;d@éberg et al., 2008; Morton, 2011). For examples, assumed that>‘u
in sea water has remained constant in the pass, The comparison between present-day and decageteds**‘U in sea
water and in coral skeletons is a major tool fa ttetection of diagenetically altered corafS’U values of the latter are
higher relative to present day sea water (Hamadlial.e 1991; Stirling et al., 1995; Delanghe et 2D02), while pristine
corals exhibit &4U/2%U activity ratio similar to modern sea water (Hersa et al., 1993; Blanchon et al., 2009). Shélls o
molluscs (e.g.M. edulis), and gastropods (e.dd. ovina) represent important archives for studies of paland present
environmental change (Raffi, 1986; Richardson, 2@liot et al., 2003; Wanamaker et al., 2008; Hgppet al., 2009;
Schdne and Surge, 2012). The work of Hahn et @llZ22014) has shown that environmental reconstrucian be derived
from microstructural information, as well as staldletope and major element data (Jackson et &88;1Gartwright and
Checa, 2007; Gries et al., 2009).

In order to detect low to moderate degrees of aitmm as well as to identify intermediate steps foe
reconstruction of major pathways of overprint weeistigated the behaviour of biocarbonate skelefalastructure at

laboratory-based hydrothermal overprint. We coneldictlteration experiments for time spans betweandL35 days, at a
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temperature of 175 °C and in the presence of aibtgfiuid. We investigated the skeletons of two rodbivalves A
hard tissue we are able to highlight the influeatealteration of variations in mineral surface areantrol by primary
(inherent) and secondary (induced) porosity, tliecefof biopolymer fabric and pattern of distritstiwithin the skeleton,
and the impact of size, form, and mode of orgaimadf biomineral units such as granules, fibrablets and prisms.

We discuss differences between biogenic to abicdibonate replacement kinetics, and illustrateetkffices in
structure and porosity between original and ovetpd product phases. Overprint highly affects fae ef mineral units in
the alteration product, and we evaluate this chiariatic for pristine and altered skeletons usitagistical evaluation. Based
on statistical grain-area analysis, we presentva ared reliable tool for the detection of diageneti@rprint in biological

carbonate hard tissues. This tool is sufficiendigsitive to characterise low degrees of diagerdtiration.

2 Materials and methods

2.1 Test materials

Shells of the modern bivalvérctica islandica were collected from Loch Etive, Scotland (U.KThe shells are 8-10 cm in
size and represent adult specimens. Pristine spesif the scleractinian cofdrites sp.were collected at Moorea, French
Polynesia (Rashid et al., 2014). Live specimenthefgastropodialiotis ovina were collected from the reef flat of Heron
Island, Queensland, Australia. All shell piecesduse this study were taken from the shell of oneladpecimen with
dimensions of approximately 8 x 6.5 cm. Shellshef nodern common blue musdditilus edulis, were collected from 5-7

m depth in the subtidal zone of Menai Strait Walés. Shell sizes varied from 5 to 6 cm and repnéselult animals.

2.2 Methods applied
2.2.1 Selective etching of organic matrix

In order to image the organic matrix in moderndrence) and hydrothermally altered shell sampkesyedl as the mineral
reference (inorganic aragonite), shells or min@iates were mounted on 3 mm thick cylindrical ahionnh rods using
super glue. The samples were first cut using ad_eliracut ultramicrotome with glass knifes to obtplarare surfaces.
The cut pieces were then polished with a DIATOMENdond knife by stepwise removal of material in deseof 20
sections with successively decreasing thickness1®070 nm, 40 nm, 20 nm, 10 nm and 5 nm, and stghwas repeated
15 times) as reported in Fabritius et al. (200%) Polished samples were etched for 180 secondg 0slt M HEPES at a
pH of 6.5 containing 2.5 % glutaraldehyde as atidxasolution. The etching procedure was followgddehydration in 100
% isopropyl three times for 10 minutes each, befpecimens were critical point-dried. The dried pt® were rotary
coated with 3 nm platinum and imaged using a Hit&%200 Field-Emission Scanning Electron Microsc@pE-SEM)
operating at 4 kV.

2.2.2 Microstructure and texture

For FE-SEM and Electron Backscatter Diffraction @B analyses, 5 x 5 mm thick pieces were cut ouhefshells and
embedded in epoxy resin. The surface of the emleslai®ples was subjected to several sequential mieethgrinding and
polishing steps down to a grain size qfrfh. The final step consisted of etch-polishing vatiioidal alumina (particle size ~
0.06 um) in a vibratory polisher. Samples were coated w6 nm of carbon for EBSD analysis, and with 5 RPd for
SEM visualisation. EBSD measurements were carrigdoo a Hitachi SU5000 field emission SEM, equippégth an
Oxford EBSD detector. The SEM was operated at 2@k measurements were indexed with CHANNEL 5 HKitveare
(Schmidt and Olesen, 1989; Randle and Engler, 200f@rmation obtained from EBSD measurements és@nted as band

contrast images, and colour-coded crystal oriesiatiaps with corresponding pole figures.
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The EBSD band contrast represents the signalgttresf the EBSD-Kikuchi diffraction pattern anddsplayed as
a grey-scale component of EBSD scanning maps. ffeéegth of the EBSD signal is high when a crystaletected (bright),
whereas it is weak or absent when a polymer suabrgenic matter is scanned (dark/black). Co-ori@mastatistics are
derived from pole figures obtained by EBSD scang iangiven by the MUD (multiple of uniform (randordjstribution)
value. The MUD value measures crystal co-orientattexture sharpness) in the scanned area, whieighaMUD value

indicates high and a low MUD value reflects a lowandom co-orientation, respectively.

2.2.3 Grain-area evaluation

Individual grains can be identified and variousignelated parameters, e.g. grain-area, can beureghsvith EBSD. A
grain is defined as a region completely surrounbgdoundaries across which the misorientation anglative to the
neighbouring grains is larger than a critical value, the critical misorientation value. Griessbret al. (2013) determined
empirically that a critical misorientation value 2f suits best the microstructure of modern carbomédéogical hard
tissues. By using this value, individual mineraitsine.g., fibres, tablets, prisms, columns), atstled grains, can be
addressed and evaluated. For the relative frequengyain-area statistics, we use the critical mégdation value of 2,
grain clusters with a class width of 0.2 um, andexied values for absolute distribution functionhmbility density (Fx(x))
to relative values. Care was taken that the quafitgBSD maps used in this study is very similande all measurements
were conducted with very small (200 to 300 nm) steps. Measurements with a hit rate below 90 %c#deite and below

70 % for aragonite were not used for statisticalleation.

2.2.4 Alteration experiments

Laboratory-based hydrothermal alteration experismenimicked burial diagenetic conditions in termslofd composition.
The latter is based on previously conducted hyamotial experiments with a defined concentration gfthht is comparable
to Mg contents found in natural diagenetic envirents. However, pressure conditions could not basaeljl to those of
natural burial diagenesis due to the experimergsigh (closed system), and thus, correspondedptowepressure of water
at the given temperature. In all experiments piedeshells or skeletons up to 2 cm x 1 cm of moderislandica, modern
M. edulis, modernPorites sp., and moderii. ovina were placed inside a polytetrafluoroethylene (PJT#&ssel together
with 10 mL of simulated burial fluid (100 mM NaCl# mM MgC} aqueous solution) and sealed with a PTFE lid. Each
PTFE vessel was placed in a stainless steel aumc®aled and kept in the oven at a temperatul@®fC for different
periods of time ranging between 1 and 35 days.rAfte selected time period, the autoclave was rehdrom the oven,
cooled down to room temperature and opened. Reedwv&olid material was dried at room temperature @egared for
XRD, EBSD and EDX measurements.

2.2.5 X-ray diffraction analysis

X-ray diffraction analysis of pristine and hydrotimally altered samples was performed with Cw-Kadiation in reflection
geometry on a General Electric Inspection Techrielg(RD3003 X-ray diffractometer with an incidergam Gelll
focussing monochromator and a Meteor position-sigesiletector. The diffractograms underwent Riatwatalysis with the
software package FULLPROF (Rodriguez-Carvajal, 2a&Ing the aragonite structure data of JaroschHegkr (1986)

and calcite structure data of Markgraf and Reeti@8g).

2.2.6 Thermal gravimetric analysis (TGA)
Determination of organic matter content occurreal MGA measurements conducted in a TA InstrumenB0Q55A. The

samples were heated from ambient temperature t0 100at a rate of 5 °C per minute in a flowing-@imosphere. The
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initial weight of samples used for TGA measuremevas 20 mg foA. islandica, 24 mg forPorites sp., 26 mg foH. ovina,

20 mg forM. edulis nacre and 22 mg fovl. edulis calcite.

3 Results
3.1 Microstructural characteristics of modern bivalve, gastropod and corakkeletons

FE-SEM images shown in Figs. 1, A1 and A2 highligharacteristic mineral units and their assemblpiwithe skeletons
of the investigated species: the modern bivaiegica islandica andMytilus edulis, the modern cordPorites sp., and the
modern gastropoHialiotis ovina. Skeletons ofA. islandica, H. ovina, andPorites sp. consist entirely of aragonite, whereas
M. edulis contains both carbonate phases, calcite and atagon

The shell ofA. islandica comprises an assemblage of irregularly-shapedomietre-sized aragonitic mineral units
(white stars in Fig. 1A) that are interconnectedabyirregular network of thin biopolymer fibrilsh{s study and Casella et
al., 2017). Mineral unit size, porosity and densifyaragonite crystal packing is unevenly distrézltvithin the shell, such
that, relative to inner shell portions, mineraltuand pore sizes along the shell rim pointing taveser, are increased.
Mineral unit organization in the shell & islandica is little structured, especially in shell portioatong the seawater
pointing shell rim. Even though, aragonite thatstidntes inner shell layers, shell parts next ®gbft tissue of the animal,
is mainly present in a crossed-lamellar microstriadtarrangement. Growth lines Anislandica shells are frequent and are
easily observed, as at these biopolymer conterdsnaneral unit sizes are increased (Casella eR8ly7; Greiner et al.,
2018). Even though the shell Af isandica can be addressed as consisting of densely paciagdrate, it contains primary
porosity. The latter is unevenly distributed: aldhg seaward pointing shell portion pores are ahnonhend large, while in
shell parts that are closer to the soft tissué@fanimal pores are small and significantly lesgdent (Greiner et al., 2018).
TGA measurements demonstrate that organic contétiti the shell ofpristineA. islandica is-are2.2 wt% in the outer and

1.8 wt% in the inner shell portion, respectivedjter 14 days of hydrothermal alteration we fin@ Wt% in the outer and

1.7 wt% in the inner shell part, respectively

containing aragonitic needles and fibrils (whitarsh Fig. 1B). These grow radially outward from arganic template
present at aragonite nucleation sites: the cenfrealcification (white dots in Fig. 1B; Griesshalet al., 2017). As skeletal
growth proceeds, aragonite crystallites increasgze, and form thin fibres that are bundled tes&g co-oriented mineral
units (framed in white and yellow in Fig. A1A; Gsghaber et al., 2017). When sectioned in two difoass spherical,
irregularly-shaped entities are obtained (yelloarsin Figs. A1B, A1C), which are cut-off from easther by cavities.

TGA measurements give 2.10 wt% organic materiatHerskeleton of modern stony coPalrites sp. When altered

content with alteration for 14 days, at an alteratemperature of 175 °C and in Mg-rich burial dlui
A - —

The shell of the modern gastropét ovina consists of aragonite. The latter is present in ticrostructural

arrangements (Figs. 1C, 1D, A2A): aragonite prismd nacre tablets. Aragonite prisms (yellow star&igs. A2A, 1C)
form the outer, seawater pointing, shell layer,le/hiacreous tablets (white stars in Figs. A2A, Hi constitute inner shell
portions. The prismatic mineral units lih ovina show a gradation in size that decreases towasdsrthof the outer shell.
Accordingly, large aragonitic prisms are within thentral part of the shell, next to nacreous ardgoNacreous tablets in
H. ovina are stacked and form columns (white star in FIgAA

TGA measurements give ar-afanic contenbf 3.1 wt% for the shell dfi. ovina. This value comprises both shell

layers—of-the-shell-dfi-—evina—comprising-both-shelHayers, 3s1-wi%-The observed organic contemigres well with the
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overall microstructural design of the shelldhfovina. Most of the shell consists of dense nacreousoaitegy the latter being
composed of thin (200 to 300 nm thick) tabletsyfeihcased by a biopolymer sheath. The slightly p@prismatic aragonite

shell portion forms only about 20% of the shélt. hydrothermal alteration for 21 days, the conteftorganics that is

A

1E, A2B; Griesshaber et al., 2013; Checa et all4p@long the outward part of the shell. Inner klalers consist of

nacreous aragonite (white star in Figs. 1F, A2Bagdnitic tablets irM. edulis are about 500 nm thick, are encased by an

organic sheath and are grouped in a sheeted, “iédk arrangement (Fig. 1F; Griesshaber et al130
Organic contents are slightly different for the talwell layers, B5-7wt% for the aragonitic an#-962wt% for the

o [ Formatted:

3.2 Microstructure and texture of hydrothermally altered bivalve, gastropod and corakkeletons

The shells and skeletal elements of mod&nttica islandica, Porites sp., Haliotis ovina andMytilus edulis were subjected
to laboratory-based hydrothermal alteration. Experits were carried out at 175 °C in the presence bfg-rich fluid
simulating burial water. Experiments lasted betweamd 35 days (Fig. A3).

The amount of newly-formed calcite was determibgdRietveld analysis of XRD data (Fig. A4). Diagramof
calcite content versus experimentation time (Figd@monstrate the difference in replacement kisebietween biogenic
calcium carbonates and inorganic calcite and Higihlithe profound influence of the biogenic microsture on the
replacement reactions. In hydrothermally alteketslandica shells new calcite formation starts after 4 ddyalteration and
progresses constantly. After 7 days of alteratimsinshell aragonite is replaced by calcite (Figs. 4A; Casella et a.
2017). In contrast, the hard tissueRafrites sp, and ofH. ovina respond differently to alteration. Replacemenbiofgenic
aragonite by newly-formed calcite is significansipwer compared to that occurring in the shelPofslandica, such that
after 35 days of alteration only 20 to 30% of binigearagonite is replaced by inorganic calcite $F@2B, 2C, A4B, A4D).
For all investigated five types of microstructuré® amount of newly formed calcite is not a camdis function of time.

Microstructure and phase characterisation wasechout with EBSD. The results are presented asEB&nhd
contrast (Figs. A5 to A8A), colour-coded orientatimaps (Figs. 3 to 5, A8B) and corresponding piglerés (Figs. 3 to 5).
EBSD band contrast is shown as a grey-scale compdhat illustrates the strength of the diffractsignal for each
measurement. Thus, when mineral material is hthieyelectron beam, the backscattered signal isdmghight grey colours
form the image. When an organic component is sarthe backscattered diffraction signal is absand, the band contrast
measurement image is black. Carbonate mineralieptation strength is given with MUD values (e@asella et al., 2017,
2018a, 2018b). These are derived from pole dedtyibutions and are quoted for each EBSD scan.

Figures 3 to 5, and A5 to A8 show the differencemicrostructure and texture between pristine sampied the
most advanced stage of alteration (35 days, atC7s a Mg-rich fluid). At these conditions aragboimineral units in the
shell of moderrA. islandica (Fig. A5A) are quickly and almost completely reqgld by inorganic calcite (Fig. A5B). In the
modern shell these mineral units are surroundec blgin network of organic fibrils. The latter arasdy destroyed at
hydrothermal alteration and space is created fid fiercolation. Hence, a pervasive and quicklygpessing replacement of
biogenic aragonite to inorganic calcite takes pl&acite nucleation and growth A islandica shells starts after a dormant
period of about 4 days (Fig A4A; Casella et al120 Once started, the replacement progressedyéadiompletion. In the
outer shell layer the replacement of aragoniteoimpleted with the development of large and randoarignted calcite
grains, while, in denser shell areas, patches afdric aragonite are still preserved, containirguies of the original

biogenic microstructure and texture (see also Gasehl, 2017).
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In contrast, acicular aragoniteRorites sp. displays a different behaviour during alteratiBven after alteration of
35 days only minor parts of the coral skeletonraptaced by calcite (Figs. 2B, 3B to 3E, A5C, A5Dyr results show that
the alteration fluid enters the coral skeleton premhantly at centres of calcification (Figs. 3B, ,3M5D). New calcite
formation starts mainly at these sites and procdeata there into the skeleton. As Fig. 3D demoriegaeven after
alteration for 35 days, at 175 °C and in the presesf a Mg-rich fluid, some regions of the acicutsicrostructure are still
preserved. However, we see a decrease in MUD vedue 41 in the pristine (Fig. 3A) to an MUD of 1Big. 3E) in the
altered shell. This is the only sign of alteratitihne decrease in MUD indicates growth of new arégomith a lower degree
of crystallographic co-orientation of the newly+foed mineral. With progressively longer alterationes, up to 35 days,
large and randomly oriented calcite crystals groithiw the coral skeleton (Figs. 3B, 3C, 3D, A5Dhiq calcite has high
MUD values (Figs. 3D) similar to single crystallinalcite precipitated from solution (Nindiyasariagt 2015; Casella et al.,
2017).

Aragonite prisms in the pristine shell Idf ovina (Fig. 4A) are within a network of biopolymer filwiwhich are
readily destroyed by hydrothermal alteration. Anffigant amount of space becomes available fodflafiltration, which
results in extensive overprint and a rapidly pregieg replacement of the biogenic aragonite bygaoic calcite. Figures
4B and A6B show that after 35 days of alterationthie presence of a Mg-rich fluid at 175 °C thehhigporous prismatic
aragonite shell layer of modein. ovina (Figs. 4A, A6A) is completely replaced by inorgaralcite. In contrast, the
nacreous shell layer d¢f. ovina is little affected. There is no major change bemveristine and altered. ovina nacre,
neither in carbonate phase, nor in microstructuie MUD value (Figs. 4C, 4D and A6C, A6D).

Even though there is some correspondence in mingiglmorphology and size, extent of primary panpsind
fabric of occluded biopolymers between prismatigganite inH. ovina and that inA. islandica, the kinetics of carbonate
phase replacement is distinct for the two micrastmes (Figs. 2A, 2C). IA\. islandica, where small, irregularly shaped
aragonite mineral units comprise the shell, reptam@ between carbonate phases is rapid and extendgve replacement
in the outer shell layer dfl. ovina, where the shell consists of larger aragonite prissmislow and patchy. In addition, the
difference between pristine and altered prismatiganite inH. ovina (compare pole figures and MUD values of Figs. 4A
and 4D) is such that in the altered shell the sfzaragonitic prisms increases while the strendtaragonite co-orientation
decreases. This can be seen in the pole figureshendecreased MUD value (compare Fig. 4A withtrighind part of Fig.
4D, the part framed in green).

In the pristine shell oM. edulis each calcite fibre is wrapped in an organic sheattese decompose during
alteration and leave space for fluid permeation iapdganic calcite reprecipitation. The comparigbri-igs. 5A to 5C and
Figs. A7A to A7B and A8 demonstrates that alteratid M. edulis calcite fibres at 175 °C, in the presence of aridb-
fluid, results in severe distortion of the fibr&ystal co-orientation strength for fibrous calaiecreases markedly, from an
MUD value of 381 in pristine to 79 in altered shi@igs. 5A, 5C). In contrast to the calcitic fibeomicrostructure, and
similar toH. ovina nacre, after 35 days of alteration (175 °C, in phesence of a Mg-rich fluid), there is no significa
change between pristine and alteMdedulis aragonite nacre (Figs. 5B, D, A7C, A7D). In altek. edulis amalgamation
of nacre tablets can be observed (yellow starsgnA7D), and a slight decrease in aragonite chyaieorientation strength
(pristine nacre: MUD 129; altered nacre: MUD 105).

3.3 Alteration pathways

Major changes in microstructure which develop dydifferent alteration times are depicted in Fi§8.to A11. Subsequent
to decomposition of organic material, for all intigated skeletons, we find that one of the firgpstin the alteration process
is an increase in mineral unit dimension relativehat in the pristine skeleton. In tRerites sp. coral skeleton, individual
spherulites grow together (white stars in Fig. A#®C) and form large and compact entities. Everugfothe alteration

fluid accessed the skeleton from all sides, cali@iteation inPorites sp. starts within the skeleton and proceeds outward
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toward the outer perimeter of the hard tissue (R@D). An increase in mineral grain size with preggive alteration can
also be observed for both microstructures thattaate the shells oH. ovina (Figs. A10) andV. edulis (Figs. A11). As the
organic sheaths around the mineral units decomppsee becomes available for new mineral forma#@agonite prisms,
calcite fibres, and nacreous tablets increaseze sntil they abut each other. In particular, tl&reous microstructure,
irrespective of its specific arrangement into cahsnor sheets, and the calcite fibres form compatities in response to
alteration. In addition to an increase in fibre dimsion,M. edulis calcite fibore morphology becomes highly distorteith
progressive and long alteration duration. Even ghothe prisms of the prismatic shell layerHnovina also amalgamate,
due to their slightly rounded and irregular morglyy, voids become entrapped in this layer of thedlsh

A further characteristic caused by hydrothermagration is the significant rise in porosityithin individual
mineral units (Fig. 6). Even though the latter grow togethethatir perimeters (Fig. 7) a multitude of nanopodeselop
within the mineral units due to decomposition adgmlymer fibrils that is present in mineral unifstioe pristine skeletons
(e.g., Griesshaber et al., 2013; Casella et al.8202018b). However, as Fig. 8 shotim, inorganic calcite that forms from
the altered biogenic aragonite is devoid of pores. The patches of pores that are visible within tiesvly-formed calcite
(white arrows in Fig. 8) are all residues of thearporated altered biogenic prismatic aragoniter @sults indicate that
major features of the mesoscale original microstmecare retained even at advanced stages oftaite&ig. A12). In the
shell of H. ovina, for instance, where prismatic aragonite is almagirely replaced by calcite (Fig. A12), the origina
gradation in mineral unit size towards the rim e buter shell layer is retained. Large newly fadmelcite crystals (white
stars in Fig. A12B) are within the central partloé shell next to nacreous aragonite and decreasiee towards outer shell
portions (Fig. A12B) — as it is the case in theltarad prismatic aragonitic shell.

Our results highlight that among all investigateidrostructures, the nacreous microstructures argt nesistant to
hydrothermal alteration, irrespective of tabletkmiess or their mode of organization (columns eet$).We observed that
replacement of biogenic nacreous aragonite by amuogcalcite takes place with the formation of @as microstructural
and chemical intermediate stages. These are deddritdetail forH. ovina nacre and are illustrated in Figs. 9-11 and A13-
A15. Alteration of bivalve and gastropod nacretstéi) with the decomposition of organic biopolymdretween and within
the tablets. This is followed by (ii) overgrowthttwithe original phase (aragonite) onto tablet remsl results in tablet
amalgamation. Ongoing alteration (iii) destroyslealassembly (blue stars in Figs. 9A, 9B) up to¢bmplete obliteration
of the nacreous microstructure (yellow stars insFi@A, 9B, 10A, 10B). However, as the phase mabign 9E shows, a
phase replacement of biogenic aragonite by inoogealicitedoes not take place at this stage of overprint. Our results show
that the microstructure is destroyed first; repfaeat of one carbonate phase by another occurs qudsstty (Fig. 9).
During alteration in a Mg-rich fluid, a Mg-rich seaof calcite is always present at the phase repiaaé front, between the
newly formed calcite and the highly overprintedneatis aragonite (white arrows in Figs. 9A, 9D, g4, white arrows in
Fig. A15A). Based on differences in Mg-contents, fivel different metastable Mg-rich carbonates wathcalcite-type
structure and compositions from dolomitic to ca.rB6le % magnesite (Figs. 10, 11, A15). These segeebetween the
‘final’ low-Mg calcite and the overprinted (reworearagonite (Figs. 11, A15). The last step inrdm@acement of biogenic
nacreous aragonite by inorganic calcite is (iv)fibrenation of low-Mg calcite (the final calcite),hich in the final stage of
alteration constitutes the overprinted hard tiss\Mle.could often observe, that despite the charama fine carbonate phase
into another, the newly formed calcite retains matthe original mesoscale morphology of the mihargts inherited from

the pristine biogenic skeleton.

4 Discussion

Biomineralised tissue provides the bulk of fossdterial that is used for geochemical analysis. W$oasil archives are

overprinted to some degree, it is of major impareato identify those that are subject to minor ammtlerate degrees of
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overprint, as (i) these are the materials thataionnhost primary information, and (ii) identificati of extensive overprint is
not challenging, as a severely overprinted micuzstire is either highly distorted or is completdgstroyed. The latter two
characteristics are easily identified, while mit¢rostures with a low to moderate degree of ovetpare difficult to
recognise and to detect.

Accordingly, important questions that arise in thizntext are: What are the intermediate steps afefietic
alteration? What is modified first, easily destrdy@/and keeps for a short time only? The origsiadletal microstructure,
the original mineralogical phase, the geochemigfarmation? What happens to the original geochelnméarmation that is
stored within the biogenic archive? On a broadaelescCan we identify major pathways of diagenetierprint? What

determines the preservation potential of a fogstiae?

4.1 The process of overprint

Diagenetic overprinting of biogenic carbonates emgasses morphological and chemical changes thatpkce during
post-mortem alteration. Fluids act as catalyststifier alteration reactions at fluid-rock contactsl @tlow the overprint
reactions to proceed at a rapid rate (Brand, 1984is response is in contrast to solid-state ditaman dry systems, where
overprint kinetics is much slower. Brown et al. §29 have shown that replacement of aragonite hgjiteadt Earth surface
pressure and temperature conditions is 10 ordersagfitude faster in the presence of water compiarely conditions.
Accordingly, with the death of the organism andi@luin sediments, biomineralised hard tissues becaubject to

diagenetic overprint: to solvent-mediated phaséaogment (Cardew and Davey, 1985), or, the cougissblution of the

original material and the reprecipitation of thevieroduct(s) (Putnis, 2002, 2009).

It has been shown for inorganic systems that @slilissolution-reprecipitation is highly influencéy the
availability of interfaces, the reactivity of sutks, and the extent and topological characterisficthe original and newly
formed_porosity (Putnis, 2002, 2009; Arvidson andréé, 2014; Ruiz-Agudo et al., 2014). It is demmted that coupling
of the two (sub)reactions takes place when theaftissolution of the original phase and the @fterystallisation of the
product is almost equal. This has the effect tlaipted dissolution-reprecipitation of mineral re@ment proceeds with
preservation of the external shape of the primanenal, and leads to formation of pseudomorphs €Xial., 2009a; Qian et
al., 2010). Is the coupling between dissolution esctystallisation well balanced, delicate microteal features are well
preserved, e.g. twin boundaries (Xia et al., 20@®kgven small features such as exsolution laméiiece-Williams et al.,
2015).

In inorganic materials microstructural elementshsas grain boundaries are of key importance forptiogress of
the overprint process as at the first stages efalon, these provide the pathways for fluid trdilion and percolation
through the material (Etschmann et al., 2014; Jebas, 2014). In inorganic systems, mass traraferg grain boundaries
is an order of magnitude faster than through theogity which forms as a result of the mineral replent reaction
(Etschmann et al., 2014; Jonas et al., 2015). Hewevith progressive alteration an interconnecte gystem develops in
inorganic materials (Putnis, 2002, 2009; Pollokakt 2011; Ruiz-Agudo et al., 2014; Altree-Williares al., 2015) and

allows (in ideal cases) for the continuous commatin between the bulk aqueous phase and the priemat secondary

phases at the reaction front (Putnis, 2002, 20@8;Hmann et al., 2014). Besides, pore formatioreld@s also as a direct
consequence of the mineral replacement procesBpse cases where the molar volume change invalvéte reaction is
negative. A further source of porosity developrmauning mineral replacement relates to the diffeeeincsolubility between
the primary and secondary phases (R#&llet al., 2011). Porosity is generated when thmary phase is more soluble than
the secondary phase, as a small amount of the ja#eipitates after dissolution of the formerthe case of the investigated
biogenic carbonates, even though the solubilitpiofienic aragonite is higher than the solubilityirddrganic calcite, the

solubility difference is not large enough to comgae the positive volume change in the dissoluteprecipitation
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reaction. A positive molar volume change of onll28.% is associated with the replacement of aragoyt calcite
(Perdikouri et al., 2011, 2013).

Perdikouri et al. (2011) investigated the replaeemof inorganic aragonite by inorganic calcite.eTauthors
immersed inorganic aragonite in pure water andoint®ns which contained calcium and carbonateh white solutions
being saturated with respect to calcite but underated with respect to aragonite. In experimertickvwere carried out in
the presence of water, a replacement was not aidslefveven after an entire month, unless the soligmperature was
equal or higher than 180 °C. However, even at ¢éslvtemperatures there was only a narrow rim ajare replaced by
some calcite overgrowth. The newly formed calciswdevoid of pores, hence, there was no commuaiichgtween the
bulk aqueous phase and the phases at the reactioh it sealed the aragonite and prevented furghregressive
replacement.

By using aqueous solutions containing calcium aadanate Perdikouri et al. (2011) obtained difféenesults.
When the composition of the solution waisichiometric, comparable results were obtained to the expetiwéh water:
little replacement of the original material and fbamation of a non-porous calcite overgrowth. tmizast, at alteration in a
non-stoichiometric solution, the amount of calcite overgrowth wasl stihall, however a high degree of replacement was
achieved. This effect was increased even more dglisence of calcium in the solution.

The experiments of Perdikouri et al. (2011) denmatstthe importance of porosity and porosity geiangor the
progress of dissolution-reprecipitation reactionsl allude to, at least, one fundamental differebegveen biologic and
inorganic carbonate hard materials. The absenperofiry porosity in inorganic carbonates as wellhes(almost complete)
drop out of secondary porosity formation. The lagkould have been generated at early stages eshitidin due to the
positive molar volume change that is involved ia #ragonite by calcite replacement. However, thg porosity that might
have been generated in inorganic carbonate systeses from the minor difference in solubility been aragonite and
calcite. As the solubility products of the two maarbonate phases are similar, very little pordsitynation can take place,
and consequently, (i) the replacement of inorgamagonite by inorganic calcite occurs at a veryvstate and (ii) is
significantly less pervasive as it is the case whiegenic aragonite is altered to inorganic calcite

Biological hard tissues are hierarchically orgadiscomposite materials where at all scale levelsfing an
interlinkage of biopolymers with minerals (Levi-K&hann et al., 2001; Marin and Luquet, 2004; Mag&05; Li et al.,
2006; Metzler et al., 2007; Checa et al., 2009) Tegradation of biopolymers, being occluded withid between the
mineral units of the hard tissue, provides the ss@g/ network of interconnected porosity (Figs7,8, A9, A10, A17). The
porosity network not only facilitates alterationdrives and accelerates it. Our results show fieatbiological carbonate
tissues, the presence of primary (inherent) andretary (induced) porosity, together with the chamastics of the porosity
network, determines the kinetics and extent ofdheration. Furthermore, the transient characteparbsity additionally
influences mineral replacement reactions: apannfgmorosity generation, porosity coarsening and gtyoclosure are
widespread phenomena. These modify the geometrthefporosity network, increase its tortuosity, amduce its
permeability, thereby affecting mass transfer atititerface between the bulk solution and the oalgmineral phase and
hinder physicochemical re-equilibration.

Porosity characteristics are different for thefediént microstructures investigated in this stuflig( 1). Primary
porosities are present in the shellffislandica and in the prismatic shell layer bf ovina. Although the skeleton of the
coral Porites sp. is compact, the coral skeleton has a partiguliigh surface area, as the skeleton consistsadgbus
combinations of vertical and transverse elemenits, most of these being developed as thin lameNiaeral units which
comprise these skeletal elements consist of iregtyubrganised clusters of closely packed aragonigedles. The centres of
calcification are the primary pores in the skelebbiPorites sp. However, these are in general not intercondeeted thus,
do not facilitate transfer of solutes to and away the reaction front to a large extent. Stacksadfite fibres irM. edulis

and the nacreous tablet arrangementbliredulis andH. ovina are the most compact microstructures investigatetiis
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study. These materials lack primary porosities. &lbeless, when the shells are altered, the exfealteration-induced
secondary porosity is high in nacreous shell postiioas the occluded intra-tablet membranes and-taiéet fibrils

decompose and leave space behind for extensivedigulation.

4.2 The effect of microstructure - intermediate stges

A still unsolved problem in palaeoenvironmentalamstruction is the assessment of the extent ofedieiic overprint that
compromises the fidelity of geochemical proxieseQirategy is to use numerical approaches for taatification of the
extent of diagenetic alteration. These are basbeére{i) on the comparison of element to Ca ratind associated partition
coefficients or (ii) the comparison between isotepenpositions of the pore fluid and that of thecitate (Regenberg et
al., 2007 and references therein). In a previoudys{Casella et al., 2017), we reported experimaiatn forA. islandica
shell material for the replacement reaction of biug aragonite by inorganic calcite. In the pressatly, we extend our
previous work with the investigation of additiormdrbonate skeletons, and thus, other mineral fab@ne of the major
goals of this study is the reliable identificatioh the first stages of alteration and the attengpigtialitatively assess
diagenetic alteration based on microstructuralgaoisation

For these targets, we apply statistical grain-aneduation and develop this approach as a quaktddol for the
detection of incipient to moderate diagenetic oxiatp Figures 12 and A16 show relative frequencygtain-area (area of
mineral units in the case of biological hard tisgugiagrams for the pristine and the most altesdtération for 35 days, at
175 °C, in Mg-rich fluid) skeleton equivalents. @rarea data is obtained from EBSD measurementgai is defined as
a region that is completely bounded by boundahes have a misorientation angle larger than acefitvalue, the critical
misorientation value. Griesshaber et al. (2013gmieined empirically that a critical misorientatialue of 2° suits best the
microstructure of modern carbonate biological hissues. By using this value we differentiate betmvandividual mineral
units (e.g., fibres, tablets, prisms, columns).

The compilation in Fig. 12 clearly demonstrates thfluence of the biogenic microstructure on thdity to
withstand or to yield to alteration. The relatidnag (frequency) versus log (grain-area) is linfarA. islandica, M. edulis
calcite andPorites sp. aragonite, and is a clear indication of thetédadistribution in the microstructures of the&elstons.

The least difference in grain-areas between pasdind most altered states was observed.fmlandica aragonite
(Fig. 12A), while the most significant differencesviound forM. edulis fibrous calcite (Fig. 12E). FdPorites sp. acicular
aragonite andi. ovina prismatic and nacreous aragonite we find a peaté®y but small difference in grain-area between
the pristine and the most altered states.NFaedulis nacre the majority of grain-area data overlap.rBbeugh, for this type
of microstructure as well some large grains alsméal in the altered shell (Fig. A16).

As described previously, subsequent to the destruof organic sheaths, membranes and fibrils atha@lgamation
of mineral units is the next and a highly drastapsin the overprint process. Inorganic mineratjpigation starts in cavities
between the mineral units and in voids within th@w., Figs. 7, A17; Casella et al., 2018a, 201Rb$. important to note
that this void filling occurs prior to carbonateggie replacement, and thus, prior to inorganic teaformation. With EBSD
we not only measure patterns of crystal orientatiopndetermine the mineralogical phase of the tisstie as well. At this
early stage of alteration the newly-formed cry#&dl that are deposited between the mineral usitsr the phase of the
host crystal and often even the crystallographforination of the mineral in the pristine skeletdrhus, in aragonitic
biogenic microstructures, inorganic aragonite \pilecipitate, while in calcitic biogenic microstruogés inorganic calcite
will form. Syntactic nucleation of a secondary ph#sat has the same mineralogical nature as thepyiphase is prompted
by the reduction of the energy barrier associatitld leterogeneous nucleation in contrast to homagemucleation from a
bulk agueous solution. This barrier is reduced euether as a result of a perfect match betweercthstal lattice of the

original and the secondary phase. The reducti@mergy barrier explains the preference of inorgangégonite formation on
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biogenic aragonite at the first stages of the afiiten process, rather than the crystallizationhef more stable inorganic
calcite.

However, due to its composite nature, biogenigamée is more soluble than inorganic aragonite eveh more
soluble than inorganic calcite. Thus, an aqueoustisn in equilibrium with biogenic aragonite is pmrsaturated with
respect to both: inorganic aragonite and inorgaaicite. As aragonite nucleation on existing biatag aragonite can be
epitactic, the much better match across the interfaakes it more likely that inorganic aragonitéasnmed on the pre-
existing biogenic aragonite, even though calcitehis more stable phase at Earth’s surface pressutetemperature
conditions. Free energies and solubilities of twe tarbonate phases are close enough that the lemengy barrier
associated with epitactic nucleation kineticallydars the formation of new aragonite on the surfacéhe pre-existing
aragonite (Fernandez-Diaz et al., 2009; Roncalédferet al., 2017; Cuesta Mayorga et al., 2018)s Tdwuture also has been
observed in nature. Hover et al. (2001) reportyedidgenetic overprint of foraminifera and greegaal skeletal hard tissues
and demonstrate that the overprint mechanism isdhpled process of dissolution and reprecipitatidre authors find thin
overgrowths on the mineral units of the originatchtissues and show that the precipitated materitdrgely similar in
composition and structure to that of the host afiists. Accordingly, aspect ratios of the mineuwalits change as their
original morphologies become distorted (Figs. 7, A87), and compaction of the hard tissue is thmilte(e.g., nacre
tablets).Hence, even though already altered, the gross microstructure of the shell or skeleton is, at this early stage of
alteration, not modified to a large degree. We observe that alteration occurs in two stagék:related to the original
carbonate phase of the hard tisameygrowth of inorganic aragonite or inorganic calcite in i@nd poresvithout major
destruction of the original microstructure, and (2) phase replacementith new phase formation and distortion of the
original microstructure up to its complete destruction. These processes involve the constant rearrangesh@atres, which
in this case is driven by the free energy reductissociated with the increase in the volume toaserfatio of the mineral
units.

We observed the above described features for adisitgated microstructures (Figs. 12B to 12Kgept for the
aragonitic microstructure of the shell of the bixah. islandica (Fig. 12A). Aragonitic grains ir. islandica shell are small
and are embedded in a network of biopolymer fit{flasella et al., 2017). The thin fibrils are gadistroyed when altered
and leave behind a network of voids and cavitigsickv facilitate fluid infiltration and permeatiomirough the shell. In
addition, the large number of small mineral uniitgeg rise to exceedingly large surface areas wtierdluid can get into
contact with the mineral. Carbonate phase alterdtiaetics inA. islandica shell is sluggish at first. However, once the
nucleation barrier is overcome and the alteratioocess is started, it proceeds instantly (Figs. B4A; Casella et al.,
2017). Thus, overgrowth of inorganic aragoniteaidg and mineral unit amalgamation are masked &éyahid replacement
of biogenic aragonite by inorganic calcite. The hhigolume of interconnected porosity and the present the
thermodynamically less stable biogenic aragonifgla® why alteration inA. islandica becomes active after such a short
time when being in contact with the diageneticdtui The topological characteristics of porosityilfiates the coupling
between the rate of aragonite dissolution and dbe of calcite reprecipitation. This, in turn, exipk the little difference in
mineral unit/grain-area found in the hard tissud.dflandica between the pristine and the most altered st&igs 12A).

In contrastM. edulis calcite shows the most significant difference finig-area between the pristine and the most
overprinted states (Figs. 12E). When altered, ttmrphmology of calcite fibres becomes distorted (FABA); fibre
amalgamation is substantial and leds to the foonatf large and highly irregularly-shaped minenaitsi (Fig. A8B). In the
pristine state, calcite co-orientation strengthigh in M. edulis, we find a single-crystal-like distribution of cand a*-axes
(Figs. 6 and 7 in Schmahl et al., 2012). Hence,ymaighbouring calcite fibres are highly co-alignadcircumstance that
favours the amalgamation of similarly oriented ér(Fig. A8B). The nacreous shell layeMn edulis is little affected by
alteration (Fig. 12F, Fig. A16A, A16B), even thougacre tablet amalgamation is readily perceivable nacreous shell

part grows to a compact entity and becomes sealégtected against fluid infiltration. This exipla the observation of
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remnants of pieces of nacreous shell surroundezhlmjte (Brand, 1994) as well as the prevalendd@facreous shell part
of M. edulis relative to calcitic shell pieces in seashoremmedits.

Nacre inH. ovina behaves slightly differently when hydrothermallieeed (Figs. 12D, A16A, A16C). IR. ovina
nacre tablets are assembled to columns and tabiendions are smaller than those preseM.iedulis. In both shells, that
of M. edulis and ofH. ovina, nacre tablets are encased by organic sheathsaa@f\ed al., 2006; Checa et al., 2006, 2009,
2011; Barthelat and Espinosa, 2007). Compared.tedulis nacre, nacre iil. ovina has a larger organic-mineral interface
and mineral surface area per volume fraction ofl.sNacreous tablet amalgamation and compactiomrscm the shell of
H. ovina as well. In contrast tM. edulis, H. ovina nacre exhibits a distinct increase in grain sizéhie altered hard tissue.
Due to the larger interface and surface are#l.irovina nacre alteration fluids infiltrate the shell mdrgensely, and
dissolution-reprecipitation occurs to a higher aktédience, overprint is more significant and becenmmore evident. The
same argument holds for prismatic aragonite founid.iovina (Fig. 12C) and acicular aragonite Rorites sp. (Fig. 12B),
where, in both, prior to replacement of biogeniegamite by inorganic calcite, mineral units inceea@s size in the altered
skeleton. It is important to note that the minarait size increase is accompaniedHnovina and Porites sp. by partial
closure of the porosity, as the newly formed cal@tcompletely devoid of pores (Figs. 8, 10, 13BAA10B). The partial
closure of pores explains the low degrees of repfemnt that we find in these hard tissues even kfitgy alteration periods
(Fig. 2).

Our study clearly shows that, of the investigawdgonitic microstructures, nacre is the most tasisto
replacement to calcite, irrespective of the assgrmattern of the tablets to columns or sheets. $fyralosure and mineral
unit (nacre tablet), amalgamation recasts at éioshpletely the original microstructurehewever, with the preservation of
the original phase (Figs. 9A, A17A, A17B)Hence, even though nacreous aragoniteis still present in the shell as aragonite,
it is an overprinted aragonite that holds little of the original microstructural or geochemical signature. With an increasing
degree of alteration, the ‘remoulded’ aragonitednees replaced by inorganic calcite. The outcomeowf alteration
experiments leads to the conclusion that the miarosiral signature is lost first (prior to a comfg loss of the original
mineralogical phase) while the geochemical infoiomats still retained in the mineral, at least fwm®e degree. When
alteration takes place in a Mg-rich fluid, metafgdiigh-Mg carbonates are present at the origiretienial — newly-formed
product interface, in addition to the ‘final’ inangic, low-Mg calcite. These high-Mg carbonates hawalcite-type structure
and Mg-contents ranging from dolomitic to aboutr86l % magnesite (Figs. 9A, 11). We clearly see\asiugion in fluid
composition at the alteration front due to an efoiuin cation-anion exchange between the altendtiad, the overprinted

original, and the newly-formed carbonate products.

4.3 Implications for preservation in the fossil reord

Several studies have shown that in modern coldveasn water environments aragonite dissolution tgkese during
burial diagenesis (e.g., Cherns et al., 2008 afeterces therein). It has been further demonstrtitat] in Palaeozoic
marine fossil faunae, the taxa with calcitic skeret prevail. This is an indication of preferentas of aragonitic shells and
skeletons due to dissolution during diagenetic pret (e.g., Wright et al., 2003; James et al., $00n addition to
preferential carbonate phase preservation, expatahstudies document that the microstructure ef ifogenic skeleton
influences fossil preservation (e.g., Harper, 1998well, 2005), leading to a possibly distortedinn of palaeoecological
and evolutionary patterns. Accordingly, laboratbased hydrothermal alteration experiments accogftinmicrostructural
as well as mineral phase variability offer impottarsights into the fate of carbonate hard tisgijeduring early dissolution
in shallow burial, and (ii) surviving dissolutioné preservation in the fossil record.
Do we see resemblances between the microstructurdl chemical outcome of our alteration results and

microstructural and geochemical features of fassilihard tissues? It is remarkable that, even thougexperiments lasted

only for 35 days, were carried out at a single terajure, and were performed in the presence of amytype of alteration
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fluid, there is much overlap between our experiraleptoducts and carbonates which underwent diageri&sveral decades
ago Friedman (1964) and Land (1967) reported onetirdy diagenesis of skeletal carbonates and catbasediments
exposed to marine waters. The biological carbon@sned their original mineralogical and textuchhracteristics. They
found that biogenic aragonite was dissolved for tlgrecipitation of low-Mg calcite, with high-Mg Icite being an
intermediate phase. Mg was removed from high-Mgiteato yield low-Mg calcite, and, on a micromes@le, without any
textural change (Friedman, 1964). Land (1967) ofeskthat skeletal aragonite was altered much quickative to non-
skeletal aragonite grains. Brand (1989) investijate replacement of biogenic aragonite by caltitéossil molluscs
(Boggy Formation, Oklahoma, U.S.A.). Screeningla mineralogy, microstructure, and chemical contosindicated
that primary nautiloid aragonite was gradually aeeld by diagenetic low-Mg calcite. During the mlitstages of alteration,
nacreous tablets fused to larger units (Brand, L989ith further alteration, amalgamated nacreaag@nite was replaced
by fine- or coarse-grained, low-Mg calcite. Brad®89) noted that the composition of the originalgamite determined the
elemental and isotopic composition of the calaiteéhie diagenetically altered shells. Furthermdne, duthor reported that
grain size and surface area play an importantinolke process of overprinting. Diagenetically gurérted aragonitic corals
were investigated by Sorauf (198@nd Tomiak et al. (2016). The authors observetidiang early diagenesis, subsequent
to decomposition of organic matrices, aragonitigtsufiormed through fusion of pristine skeletal etats. Pore space
became filled prior to burial, with aragonite nesigrowing syntaxially on existing biogenic arageniSubsequent
submarine diagenesis led to recrystallisation lofofis aragonite into intermediate, micritic high-Maicite. Tomiak et al.
(2016) and Regenberg et al. (2007) observed foomati new mineral overgrowth during early diagesesicoral aragonite
and planktonic foraminifera calcite. The latter,fiat, retained and corresponded to the carbophtese of the original
pristine skeleton. Wardlaw et al. (1978), Sandkard Hudson (1983), and Martin et al. (1986) desdrithe influence of
skeletal porosity as conduits for alteration fluttlging diagenesis. As the replacement of aragdmjtealcite is driven by
the greater solubility of aragonite relative tottloa calcite, during the replacement reaction thegenetic pore fluid is
undersaturated with respect to aragonite while #upersaturated with respect to calcite (Malival.2000). Hendry et al.
(1995) proposed, on the basis of differences irralEgof supersaturation, a ‘two-water diagenetiiesy’ with a slow
moving (at the dissolution-reprecipitation frontjdaa relatively fast moving (bulk pore water) atén fluid.

In our experiments we detected the following magteps and pathway of alteration: (i) decompositain
biopolymers, (ii) secondary porosity formation canometer and micrometer scale levels, (iii) amakg#on of mineral
units, (iv) destruction of the original microstruce with subsequent carbonate phase change, gnchémical evolution of
the alteration fluid.These stages were also observed in nature. Our experiments, which lasted only for 35 days in
comparison to geologic time scales, constrainfgjor and drastic steps of alteration take placeeat initial stages of the
overprint process.

Finally, we re-state our major question: What determines the preservation potential obssif archive? Major
factors are: The availability of porosity on allate levels for fluid circulation. This enables tlzatvell ballancedbalanced
dissolution-reprecipitation can take place. Thaulteis nucleation and epitactic growth of the anaji phase in voids and
cavities, at the sites of degraded biopolymerglitegato amalgamation of mineral units. The finauk is the compaction of

the entire hard tissue and protection to disintémyna

5 Conclusions

For an evaluation of the resistance of biogenib@aate to withstand diagenetic alteration and aesssnent of the ability
of the biocarbonate microstructure to become preskein the fossil record we investigated the betaviof six biogenic

carbonate hard tissues during experimental hydnothkealteration. Our main conclusions are the foifm:
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1. Alteration of biogenic aragonite to inorganic ctdcistarts along pathways where fluids can penetiiage
mineralszed tissue. It is fastest in hard tissues which aianprimary porosity and are composed of irregylarl
shaped mineral units embedded in a network of yoper fibrils. The latter are easily destroyed pding
secondary porosity, and together with the primamep, ample space is provided for extensive flnfidtiiation into

5 and percolation through the hard tissue. Moregwverosity is created at the transition front. Thigd®a of overprint
is observed for therismatic aragonite shell layer of the gastropodHalictis ovina and for the shell of the bivalve
Arctica islandica. Overprinting of these hard tissues is fast andosipleted with the formation of irregularly
shaped and randomly oriented calcite crystals.

2. The slowest alteration kinetics can be observednwiiegenic nacreous aragonite is replaced by inocgzalcite,

10 irrespective of the mode of assembly of the naghdets. Alteration proceeds through at least fotermediate
stages: (a) decomposition of biopolymers and foionabf secondary porosity, (b) lateral and longibad
amalgamation of nacre tablets, (c) formation obapact zone of amalgamated aragonite crystalseadltbration
front, where the original nacreous microstruct@reléstroyed but the original mineralogical phaskejst, and (d)
complete replacement of the original microstructarel the mineralogical phase by the newly formedenail

15 product: inorganic calcite. This mode of overpigbbserved in theacreous shell portions of Haliotis ovina and
Mytilus edulis.

3. The acicular microstructure of the stony cdpalites sp. is highly resistant to alteration. When alter@égonite
needles amalgamate and form a cemented compagchoniever, retaining at first some morphologicglexss of
the original hard tissue. Replacement of biogenaganite by inorganic calcite starts Rorites sp. at centres of

20 calcification within the coral skeleton, and prageérom the latter into the hard tissue.

4. For all investigated aragonitic hard tissues weeolss first the destruction of the microstructurel anbsequently,
the replacement of the original aragonitic phaseéwyly formed calcite.

5. Alteration in the Mg-bearing fluid results in thewklopment of a seam of high-Mg calcite betweenaitered,
reworked aragonite and the newly formed calcitetadi@ble Mg-rich calcite phases form with Mg cotgethat

25 vary between dolomitic to about 80 mole % magnes3ités high-Mg calcite seam migrates with the alten and
phase transformation front.

6. Differences in grain-area statistics in EBSD mapsstine and altered skeletal equivalents denrates an
increase in grain size of the originally biogenéchnate phase within the altered hard tissuesvel® that found
in the pristine skeleton. Even though at early esagf alteration the original phase is retainedgrprnting has

30 already started with amalgamation of neighboringstals and formation of overgrowths. This is maspunced
in the calcitic shell layer dfiytilus edulis and is least observable for the grains which dstthe shell ofArctica
islandica.

7. Due to formation of overgrowths preservation of tiiginal phase is not a reliable indicator forgimal elemental

and isotope signals.
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Figure 1: SEM micrographs showing the characteristicmicrostructures of skeletons of the modern specimes of (A) bivalve

Arctica islandica, (B) scleractinian coralPorites sp., (C, D) gastropodHaliotis ovina, and (E, F) bivalveMytilus edulis. The shell of
A. idandica consists of an assemblage of irregularly shaped drsized aragonitic mineral units (white stars in (4) which are
embedded in a network of biopolymer fibrils (this sudy and Casella et al., 2017). The acicular aragait skeleton of the modern
coral Porites sp. (white star in (B)) is composed of differently ised spherulites consisting of fibrils and needlesThese grow
outward from an organic template which lines the mimeral nucleation sites, the centres of calcificatio(white dots in (B)). Shells of
the gastropod H. ovina and the bivalve M. edulis comprise two distinct carbonate layers. The shellfoH. ovina consists of
irregularly shaped and sized prisms (yellow starsni (C)) next to a nacreous shell layer with nacre taets assembled as columns
(white star in (D)). The outer shell layer inM. edulis is formed by stacks of calcite fibres (yellow stam (E)), while the inner shell

layer is nacreous with nacre tablets arranged in &rick wall fashion’ (white star in (F)).
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Figure 2: Newly formed inorganic calcite content vesus alteration time plots calculated from Rietveldanalyses of XRD data
obtained for hard tissues of (A)Arcticaislandica, (B) Porites sp. and (C)Haliotis ovina. Red dashed lines indicate the percentage of
newly formed calcite at 35 days of alteration as vileas maximum contents of inorganic calcite for edt investigated species.
Differences in newly formed calcite contents amonghe three species clearly highlight the influence fothe different
microstructures on the replacement kinetics of biognic carbonate by inorganic calcite.
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Figure 3: EBSD colour-coded orientation and phase mapwith corresponding pole figures which depict themicrostructure,

texture and pattern of biogenic and inorganic carboate phase distribution in pristine (A) and in hydrothermally altered (B, C, D,
E) skeletal elements of the scleractinian cordorites sp. Alteration lasted for 35 days and was carriedw at 175 °C in a Mg-rich
fluid simulating burial water (100 mM NaCl + 10 mM MgCl, aqueous solution). EBSD colour codes are given in)(F'he strength
of crystal co-orientation is expressed with MUD vales and is given at each EBSD measurement. MUD valuis newly formed
calcites (D) are written into the EBSD map and are gen for most newly formed calcite crystals. Even tha@h crystal co-
orientation strength is moderate in the modern corspecimen (MUD: 41 in (A)), it decreases significdly in the altered coral
skeleton (MUD: 13 in (D)). Co-orientation strengthin newly formed calcite is exceedingly high, as higas that of calcite grown
from solution (D).
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Figure 4: EBSD colour-coded orientation and phase mapwith corresponding pole figures show the microstrcture, texture and
pattern of biogenic and inorganic carbonate phaseistribution in pristine (A, C) and hydrothermally altered (B, D) Haliotis ovina
shells. Alteration lasted for 35 days and was card out at 175 °C in a Mg-rich solution. Crystal caorientation strengths,
expressed with MUD values, are given at each EBSD maplteration for 35 days induces the replacement ofarge parts of
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prismatic biogenic aragonite (A) by inorganic caldie (B). However, in shell layers where replacementas not yet taken place,
aragonitic prisms amalgamate and MUD values decreag(right-hand side of EBSD map shown in (D) framed wth a green dashed
line; compare to EBSD map, pole figures and MUD valueshown in (A)). The nacreous part of the shell istlle affected by
alteration. Even when altered for 35 days the colunmar microstructure is still well preserved (D). The MUD value of altered nacre
(left-hand side of EBSD map shown in (D), framed inad) is very similar to that obtained for pristine racre (C).
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Figure 5: Colour-coded EBSD orientation maps with coesponding pole figures depict differences in miapstructure and texture
between pristine (A, B) and hydrothermally altered C, D) Mytilus edulis shells. Alteration lasted for 35 days and was cared out
at 175 °C in a Mg-rich fluid. The EBSD colour code usiis shown in (B); crystal co-orientation strengthsexpressed with MUD
values, are given on each EBSD map. Hydrothermal altation induces a significant change in pristineM. edulis calcite fibres
(compare maps (A) and (C)). The strength of calciteo-orientation decreases from an MUD of 381 in thpristine (A) to a MUD of
79 in the altered shell (C), respectively. In thewerprinted sample (C), morphology of calcite fibresis highly distorted due to
profound fibre amalgamation. In contrast, nacre inM. edulis was little affected by the applied hydrothermal aeration conditions
(D); a slight decrease in MUD and sporadic tabletmalgamation can be observed. Otherwise, tablet mohwlogy is not distorted.
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Figure 6: Distortion of mineral unit morphologies, mineral unit amalgamation, and development of porasy in hydrothermally
altered shells and skeletons. (Ajrctica islandica, (B) Porites sp., (C)Haliotis ovina, and (D) Mytilus edulis. Hard tissue material

5 was altered for 35 days at 175 °C in the presencéaMg-enriched fluid.
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A Altered Haliotis ovina (21 days, 175 °C) B Altered Mytilus edulis (21 days, 175 °C)

Figure 7: Nacre tablet amalgamation in hydrothermaly altered Haliotis ovina (A), and in Mytilus edulis (B) shells. Hard tissue
5 material was altered for 21 days at 175 °C in therpsence of an alteration fluid enriched in Mg.

27



10

15

20

25

Altered Haliotis ovina (21 days, 175 °C)

)

newly 4
rmed calcite

Figure 8: Distinctness in porosity between hydrothermally-akered biogenic prismatic aragonite and newly formednorganic
calcite. White arrows point to the aragonite interpersed with calcite; the aragonite is not yet fullyconsumed and replaced by
calcite.
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Figure 9: Microstructural and chemical stages in tle replacement process of biogenic nacreous araganiby inorganic calcite
Haliotis ovina shell material was subjected to hydrothermal alteation for 35 days at 175 °C in a Mg-enriched hydrdtermal fluid.

(A) SEM image depicting the replacement front betwe® nacreous aragonite and newly formed calcite. Blustars in (A): nacre
tablets forming columns; some traces of the origifamicrostructure can be still observed. Yellow stas in (A): a formerly nacreous
shell layer, but, at this stage of alteration, theacreous microstructure is completely erased. Whitarrows, white star in (A): high-
Mg intercalation between the newly formed calcite iad the overprinted, formerly biogenic, aragonite (ellow stars in (A)). (E):
Phase map derived from EBSD showing the newly formedalcite (red) and biogenic aragonite (blue). Notéhat even though the
tablet microstructure cannot be discerned any morethe original mineralogical phase (aragonite) is #t preserved. The white star
in (E) marks the region where high-Mg calcite interalation is located, which, in the presence of a Mgeh fluid, is always present
at the replacement front between inorganic calcitend biogenic aragonite. (D): EDX map showing the eichment in Mg at the
transition front in yellow. (B, C): EBSD band contrast shown in grey, and colour-coded orientation mapgespectively depicting
traces of columnar aragonite (blue stars in (B)) andverprinted aragonite (yellow stars in (B)). Coloved in (B): newly formed
calcite. Shell layer which is marked with a white dshed rectangle in (B) is shown enlarged in (A). (CTolour-coded EBSD map of
aragonite; in light grey: newly formed calcite, indark grey: rim containing high-Mg calcite.

28



10

15

Figure 10: Replacement of biogenic aragonitic nacrey inorganic calcite. (A): SEM image showing the ncleation and growth of
inorganic calcite within shell aragonite. Note theresidual aragonite (red arrows in (A and C)) replaing calcite crystals (yellow
arrows in (A and C)). Yellow stars in (A): faint traces of nacre columns. (B) SEM image depicting therfoation of high-Mg calcite
crystals (white stars) within the overprinted, orignally nacreous shell layer (yellow star in (B)). Taket assemblages of columns
(yellow star in (B)) are still perceivable. (C, D) EIX map showing (yellow) the presence of calcite crigds with high-Mg content
(white and yellow arrows in (C), stars and white arows in (D)). Red arrows in (C): traces of occlude@ragonite distinguished by a
low Mg content. White arrows in (C, D): high-Mg streaks that form in cavities between nacreous tabletsubsequent to the
decomposition of biopolymer membranes around the tadets.
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Figure 11: Enlargement of image shown in Figures 10Bnd 10D. Mg contents of newly formed metastable Mdch carbonates
with a calcite-type structure and compositions fromdolomitic to about. 80 mole % magnesite. The colunar assembly of tablets
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around the calcite is still perceivable (white stes in (A), (B)). Yellow arrows in (A, B) point to thedeposition of high-Mg calcite
which fills voids and cavities between former nacreus tablets.

A Arcticaislandica aragonite C Haliotis ovina prismatic aragonite E Mytilus edulis calcite
1 14 3
o L] * pristine wl @ pristine Y V pristine
- % % altered (35days, 3 altered (35 days, - - 7 altered (35days,
= o, Mg-rich flui x 175 °C, Mg-rich fluid = v 175 °C, Mg-rich fluid)
Eo . 175 °C, Mg-rich fluid) . 3 ) 3 . %
1 4
s # ° k| ' 0014 v 13
2 # 2 2 - %
% . 5 % i3 4
o 183 © 1534 T s wv %
o * o« « = vewvy v
# ‘“
164 164
164
ot v o v n r " -
001 01 1 10 100 1000 01 10 100 1000 01 1 10 100 1000
Grainarea[um?] Grainarea[pum?] Grainarea[pm?]
B Porites sp. aragonite D Haliotis ovina nacreous aragonite F Mytilus edulis nacreous aragonite
19 14 1
A pristine
.
01 - W pristine 01 ‘o, - /N altered (35days,
a - _ o“’\\,(\ @ pristine _ ot oa 175 °C, Mg-rich fluid)
&;« o :7'::: ,\‘:Sqazs"l i 3.;— altered (35days, .L;,
Loo1 » Me-rich fluid) & oo 175°¢, Mg-rich fluid) | &
r ° © 0014
> > >
s S 2
= 8 1e34 o
BIES ° °
o o '();, o« 1E3
- — N * sxmm—0
IR
164 4
164
01 ) i 1000 01 ) ) 1000 o1 i 10 100 1000
Grainarea[pum?] Grainarea[um’] Grainarea[um?]

progressive hydrothermal alteration. The least diffeence in mineral grain-area between pristine and mst altered stages is present

for the microstructure which forms the shell of A. islandica (A), while the most significant difference was otesved for M. edulis
(E) calcite. For all other investigated microstructues (B, C, D, F) mineral grain-area increases withlgeration, prior to inorganic

calcite formation.
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Appendix

Figure Al: SEM micrographs showing the acicular micostructure of the modern scleractinian coralPorites sp. (A): differently
sized and oriented spherulites constitute the sketen of Porites sp. When fractured in 2D, differently oriented individual mineral
units consisting of diverging aragonite needles emge (encircled with white and yellow dashed linemiA1A). (B) Fracture surface
image with top view onto bundles of aragonite needs. When needles show some co-alignment, subunitghna closer packing of
aragonite needles develop (yellow stars in A1B). Cftat, 2D surfaces (A1C) these co-aligned needlesifoirregularly shaped units

with roundish morphology (yellow stars in A1C), tha are separated from each other by a multitude of avities (e.g., white arrows
in A1C).

31



Figure A2: SEM micrographs of fracture surfaces shoung the microstructures of modern shells of (A) gasopod Haliotis ovina,
and (B) bivalve Mytilus edulis. White stars in (A) and (B) indicate the columnar ad brick-and-mortar nacre in H. ovina and M.

5 edulis, respectively, whereas yellow stars in (A) and (Bpoint to aragonitic prisms in H. ovina and calcite fibres inM. edulis,
respectively.
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x Conducted hydrothermal experiments

A

10 Figure A3: Schematic time line illustrating hydrothermal alteration times. (A) Arctica idandica, (B) Haliotis ovina, (C) Mytilus
edulis, and (D) Porites sp. Alteration time varied between one and 35 days.
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Figure A4: Selected X-ray diffractograms for pristine and hydrothermally altered (A) Arctica islandica, (B) Haliotis ovina, (C)
Mytilus edulis, and (D) Porites sp. specimens (red arrows: calcite, black arrows:ragonite). Alteration was performed at 175 °C in
a Mg-rich fluid simulating burial alteration (100 mM NaCl + 10 mM MgCl, aqueous solution) and was carried out in a time rage
between one and 35 days.
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Figure A5: EBSD band contrast measurements illustratig the difference in microstructure between the pstine and the most
altered (A, B): Arctica islandica shells, and (B, C):Porites sp. skeletons. Hydrothermal alteration lasted for 8 days and was
carried out at 175 °C in a fluid simulating burial diagenesis (100 mM NaCl + 10 mM MgGl aqueous solution). (A) The
microstructure of the inner shell layer of pristine A. islandica consists of small round to elongated aragonitic meral units. (B)

Hydrothermal alteration for 35 days induces the refacement of biogenic aragonite by inorganic calciteomprising large calcite
crystals. (C) Aragonite needles growing outward frmm centres of calcification (blue stars (C)) are dtictive features of the

microstructure of pristine Porites sp. skeletons. When altered for 35 days large caleicrystals (white stars in (D)) develop and
grow outward from the centres of calcification (ble stars in (D)). Even after 35 days of alteration,alicts of the original biogenic,

acicular coral microstructure are still present andsurround the newly formed calcite (D).
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Figure A6: EBSD band contrast measurements illustratig the difference in microstructure between pristire and hydrothermally
altered shells of the gastropodHaliotis ovina. Alteration occurred at 175 °C in Mg-rich fluid (100 mM NaCl + 10 mM MgCL - {Formatted: Subscript

aqueous solution) and lasted for 35 days. (A) Prisatic aragonite comprising the pristine outer shellayer. (B) After 35 days of
alteration calcite crystals, which increase in sizeowards the centre of the hydrothermally altered kell, form. (C) Columnar nacre
in the pristine shell, and (D) in the hydrothermally altered specimen. Nacre is highly persistent thrmh the alteration conditions
applied in our experiments. The original microstrucural features are well retained, even after 35 daysf alteration.
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Mytilus edulis
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Altered calcite fibres

Figure A7: EBSD band contrast measurements illustratig the microstructures in pristine and hydrothermaly altered Mytilus
edulis shell. Alteration lasted for 35 days at 175 °C and/as carried out in a fluid simulating burial diagenesis (100 mM NaCl + 10

5 mM MgCl, aqueous solution). (A, B) Pristine and overprintectalcite fibres. (C, D) Pristine and overprinted nace tablets. The
nacre is assembled in a brick-and-mortar arrangemetn Even though the nacreous microstructure is veryittle affected by
alteration, some amalgamation of nacre tablets (e stars in (D)) is perceivable in the altered sapie.

10
Figure A8: EBSD band contrast (A) and colour-coded dentation maps (B) of hydrothermally altered (35 dag at 175 °C in the
presence of Mg-rich burial water) Mytilus edulis calcite fibres. Significant distortion of fibore maphology and amalgamation into
irregularly shaped and sized units can be observe@vhite stars in A8A).
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Figure A9: Mineral units in the pristine and altered coral skeleton. (A): SEM image of pristinePorites sp. showing irregularly
shaped, roundish aragonite entities separated fromach other by cavities. (B, C): SEM images of altereforites sp.; white stars:

mineral units in the overprinted, but still aragonitic skeleton. (D): Porites sp. skeleton altered for 35 days. Large calcite cried
10 (yellow star in (D)) extending towards the rim of he skeleton framed by coral aragonite (white stami (D)).
Q)
N
prismatic -
¥ X \
‘.aragonite

ina (21 days, 175 °

Altered Haliotis ov

Pristine Haliotis ovina

33

nacreous

aragonite

Formatted: Font: (Default) +Body

| (Times New Roman), 9 pt, Bold

altered aragonite; yellow stars: coral aragonite ne replaced by calcite. Yellow arrows in (B) point tathe aragonite-calcite border.
Red dashed rectangle in (B) indicates the skeletabgion which is shown with a zoom-in in (B, C). Not¢he amalgamation of

15 Figure A10: SEM images of pristine and alterecHaliotis ovina prismatic (A, B) and nacreous (C, D) aragonite. Ircomparison to
the pristine microstructures, amalgamation of minerl units is one of the major characteristics of bdt microstructures (prismatic

and nacreous) in the altered shell. (B): New calcittormation (yellow stars in (B)) is significant in tie prismatic shell layer, while it
is absent in the nacreous shell layer (D). Note théhe compactness of the nacreous microstructure due to tablet amalgamation

in (D), as seen more clearly in Fig. 4D.
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5 Figure All: SEM images depicting microstructural chaacteristics of pristine and altered Mytilus edulis shell calcite and
aragonite. (A, D): cross-sections of pristine caltg fibres (A), and nacre tablets (D). (B, C): alterd calcite fibres with the clear
distortion of fibre morphology (C) after 21 days ofalteration. (E, F): Nacre tablets altered for 7 and21 days. After 7 days of
alteration the development of porosity already isdent within nacre tablets (E). This porosity increaes significantly, in addition

10

Altered Mytilus edulis calcite
(7 days, 175 °C)

Altered Mytilus edulis calcite
(21 days, 175 °C)
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to fibre amalgamation, with progressive alteration(F).

Altered Haliotis ovina aragonite (14 days, 175 °C, burial solution)
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Figure Al12: Retention of some characteristic featwrs of the original biogenic microstructure with pra@ressive alteration. In
pristine Haliotisovina there is a gradation in mineral unit size, such tat large mineral units are in the central part of he shell next
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to the nacre (white stars in (B)). These decrease $ize towards the outer rim of the skeleton. (A): EBSand contrast and colour-
coded orientation image showing newly formed cal@tin colour and nacreous aragonite in grey. (B): EBSDand contrast and
colour-coded orientation image showing newly formedalcite in grey, nacreous and prismatic aragonitén colour.

Prismatic aragonite altered to calcite (35 days, 175 °C, Mg-rich solution)

newly formed
calcite

nacreous
aragonite

4______
nacreous
aragonite

Figure A13: SEM image showing an overall view of aross-section through the shell oHaliotis ovina which was altered for 35
days at 175 °C in Mg-rich solution. The white rectagle indicates the shell area where the insert of i 9 and Fig. A13 zooms into.
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Figure Al4: Shell segment oHaliotis ovina altered for 14 days at 175 °C in the presence of Mg-rich solution. Large newly

15 formed calcite units grow from prismatic aragoniteand are present within the shell next to the nacréwhite stars in (A) and (B)).
These are seamed by patches of a high-Mg carbonatbhgse (encircled in (A), indicated with white arrowsin (B)), mainly located
between the newly formed calcite and the overprint prismatic aragonite. The newly formed calcite isthmed by altered, not yet
by calcite replaced prismatic aragonite (yellow sta in (B)).
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Figure A15: Contact between newly formed calcite ahoverprinted nacreous aragonite in hydrothermallyaltered Haliotis ovina.
Alteration occurred for 14 days at 175 °C in the pesence of a Mg-rich solution. (A): SEM image showingn overview.
Accumulations of high-Mg calcite within calcite canbe observed (white stars and white arrows in (A)tathe alteration front to
nacreous aragonite. Red dashed rectangle in (A) ifchtes the shell areas shown in (B) and (C). (B): ©aonate phase
determination derived from EBSD. (C): Distribution pattern of high-Mg calcite determined with EDX. (D, E) EBSD band
contrast (grey scale) and orientation maps (in colg). (D): Band contrast map giving an overview in gey of the aragonitic
microstructure which is overlain in colour by the dstribution pattern of calcite. (E): Aragonite distribution and mode of

orientation in colour overlain by the distribution of calcite in grey.

40



0,1 i
A A
= ,
< 0,01 )
g 5 'Tv// YN
] 5207 1//7 110 11703
) A
o 183 VA A
W
A Pristine M. edulis nacre ¢ &I
1E-4 A Altered M. edulis nacre (35 d)
& Pristine H. ovina nacre
Altered H. ovina nacre (35 d)
II L} T Illllll T T lllllll T T Illllll ] T lllllll
0,1 1 10 100 1000
Grain area [um?]
" A Pristine M. edulis nacre "1 @ Pristine H. ovina nacre
. Altered M. edulis nacre Altered H. ovina nacre
014 R 0,14 * ..'.‘
= fas ampa = ’\
E 001+ s ;”" o E- 0014
3 Ak 2
= B s, s
& 1E34 " 2 1539 3
o«
1E4 4 ‘E41 e
01 ; 1'0 1('1) 1&0 01 : 1‘0 l('X) |&XJ
Grain area [pm?] Grain area [pm?]

Figure Al6: Relative frequency vs. mineral grain-aea diagrams for pristine and most alteredMytilus edulis and Haliotis ovina
nacreous aragonite, respectively (A, B, C). For botmacreous structures mineral unit growth (tablet analgamation) can be
observed after alteration. This feature is most proounced for tablet dimensions and mode of assembly Haliotis ovina nacre.
Alteration occurred for 35 day in the presence of M-enriched fluid at 175 °C.
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Figure A17: SEM images showing the distortion of th@acreous microstructure prior to phase replacement(A, B): Haliotisovina
nacre, (C, D): Mytilus edulis nacre. White arrows in (A) point to high-Mg calcite ‘spots’ at the replacement front between newly
formed calcite and overprinted shell aragonite. Whte stars in (A) point to areas at the phase replacgent front where traces of the
original microstructure (tablets, columns) can be 8l observed. (B): Overprinted aragonite in three dfferent microstructures:
amalgamated nacre tablets (yellow star), over-worlké formerly tabular aragonite (blue stars), amalganated aragonite prisms
(white stars). (C, D): Mytilus edulis: strong tablet amalgamation (white stars in (D))tablet distortion (white arrows in (C)) and
compaction of the nacreous microstructure.

42



	bg-2018-249-author_response-version1.pdf (p.1-2)
	bg-2018-249-manuscript-version4.pdf (p.3-44)

