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Abstract. The assessment of diagenetic overprintoarostructural ad geochemical data gained from fossil archives is of
fundamental importance for understanding palaeoenvironments. The correct reconstruction of past environmental dynamics
is only possible when pristine skeletons are unequivocally distinguished fropdadtezletal elements. Our previous studies
show (i) that replacement of biogenic carbonate by inorganic calcite occurs via an interfptael dissolution
reprecipitation mechanism. (ii) A comprehensive understanding of alteration of the biogenic sisetmibngiven when
structural changes are assessed on both, the micrometre as well as on the nanometre scale.

In the present contribution we investigaeperimentahydrothermal alteratioof six different modern biogenic
carbonatematerials to(i) asses their potential to withstand diagenetic overprint andind (ii) characteristicdor the
preservatiorof their microstructure ithe fossil recordExperiments were performed at 175 W@&th a 100 mM NaCl + 10
mM MgCl, alterationsolution and lasted farp to 35 daysFor eachtype of microstructureve examine (i) the evolution of
biogenic carbonate replacement by inorganic calcite, (ii) highlight different stages of abiogenic carbonate formation, (iii)
explore microstructural changes at different degiefealteration, and (iv) perform a statistical evaluation of microstructural
data to highlight changes anystallite sizebetween the pstine and the altered skeletons.

We find that alteration of biogenic aragonite to inorganic calcite proceeds altngays where the fluidntersthe
material. It is fastest in hard tissues with an existing primary porosity and a biopolymer fabric within the skeleton that
consists of a network of fibrils. The slowest alteration kinetics occurs when biogenic naci@gusitaris replaced by
inorganic calcite, irrespective of the mode of assembly of nacre tablets. For all investigated biogenic carbonates we
distinguish the following intermediate stages of alteration: (i) decomposition of biopolymers and the assooiattohfof
secondary porosity, (i) homoepitactic overgrowth with preservation of the original phase leading to amalgamation of
neighboring mineral units (i.e. recrystallization by grain growth eliminating grain boundaries), (iii) deletion of thal origin
microstructure, however, at first, under retention of the original mineralogical phase, and (iv) replacement of both, the
pristine microstructure and original phase with the newly formed abiogenic product.

At the alteration front we findhetween newly formed calcite and reworked biogenic aragonite formation of

metastable Mgich carbonates with a calcitgpe structure and compositions ranging from dolomitic to about 80 mole %
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magnesite.This high-Mg calcite seam shifts with the alteration front where tlatter is displaced within the unaltered
biogenic aragonite. For all investigated biocarbonate hard tissues we observe the destruction of the microstructdre first, an

in a second step, the replacement of the aalgiith the newlyformed phase.

1 Intr oduction

Biomineralised hard parts composed of calcium carbonate form the basis of studies of past climate dynamics and
environmental change. However, the greatest challenge that all biological archives face lies in their capacity to retain
original signatires, as alteration of them starts immesliatipon death of the organigeg., Patterson and Walter, 1994; Ku
et al., 1999; Brand, 200Zazzo et al., 2004Casella et al. 2018a, 2018b

Despitepreviousextensive research, carbonate diageriessll only partly understoode.g., Bathurst, 1978rand
and Vezer, 1980, 1981; Swart, 2015) asamy studies addressing the evolution of parametesinfluence diagenetic
alteration are discussed onip a qualitative manner (Brand and Veizer, @98981; Swart, 2015)n particular,deciphering
the sequence of processadl thus,pathwaysof alterationposes major problems in carbonate diagen@simenhauser et
al., 2015; Swart, 2015; Ullmann and Korte, 2015). Our previouy sindhe shell of the modern bivalyectica islandica
hasshown thatlaboratorybased simulateddiagenetic alteration discloses microstructural and geochemical features that are
comparable to those found in fossil specimé@ssella et al., 2017; Rittet al., 2017). Howeverthe citedstudieswere
performed orthe hard tissue afnly one taxon. For a more comprehensive understanding of microstructural and chemical
controlsat diagenesis wextendour studies tdard tissues obther modern marine carbdaabiomireralisers such as the
bivalve Mytilus edulis the coralPorites sp, and the gstropodHaliotis ovina With thesewe coverthe majar calcium
carbonate phases aniith the inclusion ofthe shell ofA. islandica six distinctmicrostructureswhen selecting organisms
for this study,strict care was taken to investigate thdagawherefossil counterparts areftenused for palaeoclimate and
palaeoenvironmental reconstruction

The bivalveA. islandicahas been studied extensivelynranyscientific fieldssuch apalaeontology, paleoecology,
biostratigraphy and paleoclimatesearche.g.,Marchitto et al., 2000Ridgwayet al, 2011;Strahl et al., 2011\Wanamaker
et al., 201; Karney et al., 2012XrauseNehring et al., 2012Butler etal., 20092013;Schone, 2013 The first occurrence
of A. islandicain the Mediterranean Sés of historical importance and was used until 2010 to mark the former Pliocene
Pleistocene boundary (e.g., Crippa and Raineri, 2015; Crippa et al., 2016). Aiséahgrganisms, stony corals attract great
interest for the reconstruction of palaeoclimates derived from skeletal oxygen isotopic compositions and major element
abundances, as these geochemical signals vary in response to changes in seawater tgmpetdaiss, 1994Cohen et
al., 2001;McGregor and Gagan, 2003chodne et al., 2004, 2005a, 2008lorte et al., 2005B6hm et al., 2006Allison et
al., 2007;Meibom et al., 2007Riiggeberg et al., 2008/orton, 201). For exampleti s a s s u 7 id sea Watet hasli
remained constant in the pabhus the comparison between preselaty and decag o r r e*¥Uiresda water and in coral
skeletons is a major tool for t %4 valdes ofehe faitep arddierfrelativie tog e n e
present day sea water (Hamelinagt 1991; Stirling et al., 1% Delanghe et al., 2002), while pristine corals exhibit a
2341738 activity ratio similar to modern sewater (Henderson et al., 19%8anchon et a).2009). Shells ofmolluscs (e.g.,
M. edulig, and gastropodge.g., H. oving represenimportantarchives for studies of palacand present environmental
change(Raffi, 1986; Richardson, 200E]liot et al., 2003 Wanamaker et al., 2008tippler et al., 2009Schéneand Surge,
2012. The work of Hahn et al. (2012, 2014) has shown that environmental reconstruction can be derived from
microstructural informationas well as stablesotope and major element dgtlackson et al., 1988; Cartwright and Checa,
2007; Gries eal., 2009)

In order b detectlow to moderate degreesf alterationas well asto identify intermediate stepgor the

reconstruction ofmajor pathways obverprint we investigated the behaviour of biocarbonate skeletal microstruature
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laboratorybasedhydrothermal overprintWe conducted alteration experiments for time spans between 1 and 35 days, at
temperature of 175 °C and in the presence bfg-rich fluid. We investigated the skeletons of two modern bivalfes (
islandicaand M. edulig, one modern stony coraP@rites sp.Jand one modern gastropadd.(ovina) With this selection of
hard tissue we are able koghlight the influenceat alterationof variations in mineral surface area, control by primary
(inherent) and secondarinduced) porosity, the effect of biopolymer fabric and pattern of distribution within the skeleton,
and thempactof size, form, and mode of organizationbddmineral unitssuch as granules, fibres, tablets and prisms

We discuss differences between l@og to abiotic carbonateeplacemenkinetics, and illustrate differences in
structure and porosity between original anerprinted product phases. Overpiiighly affectsthe size ofmineral unisin
the alteration product, and we evaluate tharacteristic for pristine and altered skeletons using statisti@luationBased
on statisticalgrain-areaanalysis, we present a new and reliable tool for the detection of diagenetic overprint in biological

carbonate hard tisssi€Thistool is suffidently sensitive to characterit®mv degrees of diagenetic alteration.

2 Materials and methods

2.1 Test materials

Shells of the modern bivalv&rctica islandicawere colected from Loch Etive, Scotlar(t).K). The shells are-80 cm in
size and represeatiult specimens. Pristinpecimens of the scleractinian coRaritessp.were collected at Moorea, French
Polynesia (Rashid et al., 2014). Live specimens of the gastidaltiotis ovinawere collected from the reef flat of Heron
Island, Queensland, Ausatia. All shell pieces used in this study were taken from the shell of one adcitmgre with
dimensions of approximateB/x 6.5 cm. Shells of the modern common blue muségtijus edulis were collected from-%

m depth in the subtidaloneof Menai Stait Wales, UK. Shell sizes varied from 5 ®cm and represent adult animals

2.2 Methods applied
2.2.1 Selective etching of organic matrix

In order to image the organic matrix in modern (reference) and hydrothermally altered shell sasnpkdsas the mineral
reference (inorganic aragonite), shells or mineral pieces were mounted on 3 mm thick cylindrical aluminium rods using
super glue. The samples were first cut using a Leica Ultracut ultramicrotome with glass knifes to obtain falee® Jire

cut pieces were then polished wittbeBATOME diamond knife by stepwise removal of material in a series of 20 sections
with suaessively decreasing thickng®® nm, 70 nm, 40 nm, 20 nm, 10 nm and 5 angdeach step was repeated 15 times)

as reprted in Fabritius et al. (2005). The polished samples were etché8dmeconds using 0.1 M HEPESagiH of 6.5
containing 2.5 % glutaraldehyde as a fixation solution. The etching procedure was follovaethymyation in 100 %
isopropylthree times foll0 minutes each, before specimens were critical fivietl. The dried samples were rotary coated

with 3 nm platinum and imaged using a Hitacb280 FieldEmissionScanning Electron Microscope (FEEM) operating

at 4 kv.

2.2.2 Microstructure and texture

For FESEM and Electron Backscatter Diffraction (EBSD) analySes 5 mm thick pieces were cut out of the shafid
embedded in epoxy resin. The surface of the embedded samples was subjected to several sequential mechanical grinding a
polishing stepsdwn t o a gr ai n s i zansistel obtthpelishing withoelloiflal alumiha (particte gize ~
0.06 em) in a vibratory p®nhmgafbaebon foEBIDmapalysssandwétn enmdcoRait ed v
SEM visualisation. EBSD easurements were carried out on a Hitachi SU5000 field emission SEM, equipped with an
Oxford EBSD detector. The SEM was operated at 20 kV and measurements were indexadANIIEL 5 HKL software
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(Schmidt and Olesen, 1989; Randle and Engler, 2000). Infanmabtained from EBSD measurements is presesseoand
contrast images, armblourcoded crystal orientation maps with corresponding pole figures.
The EBSD band contrast represents the signal strength of the-RE&8Ehi diffraction pattern and is ditayed as
a greyscale component of EBSD scanning maps. The strength of the EBSD signal is high when a crystal is detected (bright),
whereas it is weak or absent when a polymer such as orgaierris scanned (dark/black}o-orientation statistics are
derived from pole figures obtained by EBSD scans iarglven by the MUD (multiple of uniform (random) distribution)
value. The MUD value measures crystala@ntation (texture sharpness) in the scanned area, where a high MUD value
indicates high and avwMUD value reflects a low to random-cuientation respectively

2.2.3Grain-areaevaluation

Individual grains can be identified and variagi®in relatedparameterse.g. grainarea can bemeasuredvith EBSD. A
grain is defined as a region completsiyrrounded by boundaries acraghich the misorientation angle relative to the
neighbouring grains is larger than a critical vaiwe, the critical misorientation value. Griesshaber et al. (2013) determined
empirically that a dtical misorientation vale of 2 suitsbestthe microstructure of modern carbonate biological hard tssue
By using this value, individuahineral unis (e.qg., fibres, tablets, prisms, columns), also called greamsbe addressed and
evaluated. For the relative frequencygtain-areastatistics, we use the critical misorientation value of 2°, grain clusters with
a class width of 0.2 um, and corrected valuesafusolute distribution functiopfobability density (Fx(x)) to relative values.
Care was taken thahe quality of EBSD mapsused in this studys very similar, hence all measurements were conducted
with very small (200 to 300 nm) step sizédeasurements with a hit rate below 90 % for calcite and below 70 % for

aragonite were not used for statistical evaluation.

2.2.4Alteration experiments

Laboratorybased hydrothermal alteration experiments mimicked burial diagenetic conditieamms of fluid composition

The latter is based on previously conducted hydrothermal experiments with a defined concentration of Mgrtipstrable

to Mg contents found in natural diagenetic environments. However, pressure conditions could not be adjusted to those o
natural burial diagenesis due to the experimental design (closed system), and thus, corresponded to vapour pressure of wa
at the given temperaturn all experiments pieces of shells or skeletons up to 2 cm x 1 cm of madistandica modern

M. edulis modernPorites sp, and moderrH. ovinawere placed inside polytetrafluoroethyleneRTFE vessel together

with 10 mL of simulated burial fluid (200 mM NaCl + 10 mM MgCiqueous solution) and sealed with a PTFE lid. Each
PTFE vessel was placed in a stainless steel autoclave, sealed and kept in the oven at a temperature of 175 °C for differe
periods of time ranging beeen 1 and 35 days. After the selected time period, the autoclave was removed from the oven,
cooled down to room temperature and opened. Recovered solid material was dried at room temperature and prepared f
XRD, EBSD and EDX measurements.

2.2.5 Xray diffraction analysis

X-ray diffraction analysis of pristine and hydrothermally altered samples was performed withj@adiation in reflection
geometry on a General Electric Inspection Technologies XRD3088y Xiffractometer with an incidefteam Gelll
focussing monochromator and a Meteor positensitive detector. The diffractograms underwent Rietveld analysis with the
software package FULLPROF (Rodrige@arvajal, 2001) using the aragonite structure data of Jarosch and Heger (1986)

and calcite structerdata of Markgraf and Reeder (1985).

2.2.6 Thermal gravimetric analysis (TGA)
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Determination of organieatter contenoccurred via TGA measurements condudted TA Instruments Q500GA. The
samples were heated from ambient temperatuO@® °C at a rate of 5 °C per minute a flowing-air atmosphereThe
initial weight of samples used for TGA measurements was 20 n#y fstandica 24 mg forPoritessp., 26 mg foH. oving

20 mg forM. edulisnacre and 22 mg favl. eduliscalcite.

3 Resuls
3.1 Microstructural characteristics of modernbivalve, gastropod and coralskeletons

FE-SEM images shown in Figs. 1, A1 and A2 highlight charactenistieral unis and their assembly within the skeletons
of the investigated species: the modern bivaledica islandicaand Mytilus edulis the modern cordPoritessp, and the
modern gastropotialiotis ovina Skeletons of. islandica H. ovina andPoritessp. corsist entirely of aragonite, whereas
M. eduliscontainsboth carbonatphases, calcite and aragonite.

The shell ofA. islandicacomprisesan asemblage of irreguladghaped, micrometrsized aragonitic minerainits
(white stars in Fig. 1A) that aiiaterconnected by airegular network of thin biopgmer fibrils (this study andCasella et
al., 2017).Mineral unit size, porosity and density afagonite crystal packing is unevenly distributed within the shell, such
that, relative to inner shell pootis, mineral unit and pore sizes along the shell rim pointing to seawater, are increased.
Mineral unit organization in the shell @ islandicais little structured, especially in shell portions along the seawater
pointing shell rim.Even thougharagonié that constitutes inner shell layesell parts next to the soft tissue of the animal,
is mainly present in a crossddmelar microstructural arrangemer@rowth linesin A. islandicashellsare frequent and are
easily observedas at these biopolymer contents and mineral unit sizes are increased (Casella et al. 2017, Greiner et al.
2018). Even though the shell Af islandicacan be addressed as consisting of densely packed aragonite, it contains primary
porosity. The latter isinevenly distributed: along the seaward pointing shell portion pores are abundant and larga, while
shell parts that are closer to the soft tissue of the animal pores are small and significantly less(@eejuentet al.2018)

TGA measurements demstrate thatmanic contents within the shell Af islandicais 2.2 wt% in the outer and 1v@% in
the inner shell portion, respectively.

The skeleton of the modern stony coRarites sp. consists of an assemblage sgherulitic units the latter
containingaragonitic needles and fibrils (white star in Fig. 1B). These grow radially outward from an organic template
present at aragonite nucleation sites: the centres of cat@fic(white dots in Fig. 1BGriesshaber et al., 2017). As skeletal
growth proceeds, aragonite crystallites increase in size, andtfonnfibres that are bundletd loosely ceorientedmineral
units (framed in white angiellow in Fig. A1A; Griesshaber et al., 2017). When sectionetivio dimensions spherical,
irregularly-shaged entities are obtained (yellow stars in Figs. A1B, A1C), which areftfitom each other by cavities.

TGA measurements give 2.10 wt%ganicmaterial for the skeleton mfiodernstony coralPoritessp

The shell of the modern gastropétl ovina consists of aragoniteThe latter ispresentin two microstructural
arrangementgFigs. 1C, 1D, A2A):aragoniteprisms and nacre tabletdragonite prismgyellow stars in Figs. A2A, 1C)
form the outerseawater pointingshell layer, while nacreous tatd¢white stars in Figs. A2A, Fig 1Djonstitute inner shell
portions The prismatianineralunitsin H. ovinashow a gradation in size that decreases towards the rim of the outer shell.
Accordingly, large aragonitic prisms are within the central parhefshell, next to nacreous aragonite. Nacreous tablets in
H. ovinaare stacked and form columnshite star inFig. A2A). Organic contenof the shell ofH. ovina comprising both
shell layersjs 3.1 wt%.The observed organic contents agnedl with the overall microstructual designof the shell ofH.
ovina Most of the shell consists of dense nacreous aragonite, the latter being composed of thin (200 to 300 nm thick) tablets
fully encased by a biopolymer sheath. The slightly porous prismatic aragbeiieportion forms only about 20% of the
shell.
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The shell of the modern bivald. eduliscontains arrays of highly eoriented calcite fibres (Ylew stars in Figs.
1E, A2B; Griesshaber et al., 201&heca et al., 20}4along theoutward part of the shé. Inner shell layers consisif
nacreous aragonite (white star in &igF, A2B). Aragonitic tablets irM. edulisareabout500 nm thick, are encased by an
organic sheathangir e gr ouped ricgkiwaa | § hae r ad gGiésshaber et(aR018).OrgahiEcpntents
are slightly different for the two shell layers, 2.65 wt% for the aragonitic and 1.96 wt% for the calcitic shell portion.

3.2 Microstructure and texture of hydrothermally alterecbivalve, gastropod and corakkeletons

The shells and skeletal elements of moderetica islandica Poritessp, Haliotis ovinaand Mytilus eduliswere subjected
to laboratorybased hydrothermal alteration. Experiments were carried out at 175 °C in the presence -atka fMal
simuating buial water. Experiments lastdzetween 1 and 35 days (Fig. A3).

The amount of newlormed calcite was determined by Rietveld analysis of XRD data (Fig. A4). Diagrams of
calcite contenwersusexperimentatiortime (Fig. 2) demonstrate the difference é@placement kinetics between biogenic
calcium carbonates and inorganic calcite and highlight the profound influence of the biogenic microstrugtuige on
replacement reactions. In hydrothermally altefedlandicashells new calcite formation starts afedays of alteration and
progresses constantly. After 7 days of alteration most shell aragenéplacd by calcite (Figs. 2A, AdACasella et al.

2017). In contrast, the hard tissueRdfritessp, and ofH. ovinarespond differently to alteration. Blacement of biogenic
aragonite by newhormed calcite is significantly slower compared to tbeturringin the shell ofA. islandica such that
after 35 days of alteration only 20 to 30% of biogenic aragonite is replacedrggniccalcite (Figs. 2B2C, A4B, A4D).
For all investigatedive types of microstructureshe amount of newly formed calcite is not a continuous function of time.

Microstructure and phase characterisaticas warried out withEBSD. The results are presedt@as EBSD band
contras (Figs.A5 to A8A), colourcoded orientation maps (Figs. 3 to 5, A8B) and corresponding pole figures (Figs. 3 to 5).
EBSD band contrast ishown as a greyscale component that illustrat¢he strength of the diffracted signal for each
measurement. Thus,hen mineral material is hit by the electron beam, the backscattered signal is high and light grey colours
form the image. When an organic component is scanned, the backscattered diffraction signal is absent, and the band contre
measurement image is bladRarbonatenineral ceorientation strength igivenwith MUD values €.g., Casella et al., 2017,
2018a, 2018p These are derived from pole density distributions andaoéed for each EBSD scan.

Figures3 to 5 and A5 to A8 show the difference in mistoucture and texture between prists@mplesand the
most advanced stage of alteration (35 days, at 175 °C in-ackduid). At these conditionaragonitic mineral units the
shell of moderrA. islandica(Fig. A5A) are quickly and almost completely replaced by inorganic cq[ite A5B). In the
modern shell these mineral uniise surrounded by a thiretwork of organic fibrils. The latteare easily destroyedt
hydrothermal alteration and space isateel for fluid percolatiorHence,a pervasive and quickly progressing replacerént
biogenic aragonitéo inorganic calcitdakes placeCalcite nucleation and growth A islandicashells stag after a dormant
period of about 4 days (Fig A4&asellaet al., 2017)Oncestarted, the replacement progresses readily to completion. In the
outer shell layer the replacement of aragonite is completed with the development of large and randomly oriented calcite
grains, while, in denser shell areagatches of biogenic aragonite as#ll preserved, containing features of the original
biogenic microstructure and textuee also Casella et al. 2017)

In contrast, acicular aragonite Roritessp. displays a different behavioduring alteration. Een after alteration of
35 days only minor parts of the coral skeleton are replaced by calcite (Figs. 2B, 3BA®C3RS5D). Our results show that
the alteration fluid enters the coral skeleton predominantly at centres of calcification (Figs. 3B, 3D,N&sDgalcite
formation starts mainly at these sites and proceeds from there into the skeleton. As Fig. 3D demonstrates, even afte
alteration for 35 daysat 175 °Candin the presence of a Mdch fluid, some regions athe acicular microstructurarestll
preserved. Howeverye seea decrease in MUD value from 41 in the pristine (Fig. 3A) to an MUD of 13 (Fig. 3E) in the

altered shell Thisis the only sign of alteratiorthe decrease in MUD indicatgsowth of new aragonite with a lower degree
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of crystllographic ceorientationof the newlyformed mineral With progressively longer alteratidimes up to 35 days

large and randomly oriented calcite crystgitew within the coral skeleton (Figs. 3B, 3C, 3D, A5Dhis calcite has high

MUD values (Figs3D) similar to single crystalline calcite precipitated from solution (Nindiyasari et al., 2015; Casella et al.,
2017).

Aragonite prisms in the pristine shell Bf ovina(Fig. 4A) arewithin a network of biopolymer fibrils which are
readily destroyed by hydrothermal alteration. A significant amount of space becomes available for fluid infiltration, which
results in extensive owgrint and a rapidly progressingplacement of the biogenic amgte by inorganic calciteFigures
4B and A6B show that after 35 days of alterationthe presece of a Mgrich fluid at 175 °Cthe highly porous prismatic
aragonite shell layer of modet. ovina (Figs. 4A, A6A) is completely replaced bgorganic caldte. In contrast, the
nacreous shell layer d¢f. ovinais little affected.There is no major change between pristine and altereslvina nacre,
neither in carbonate phase, nor in microstructure or in MUD \(&ligs. 4CAD and A6C,A6D).

Even thoughHere issomecorrespondencen mineral unitmorphology andsize, extent of primary porositand
fabric of occluded biopolymers between prismatiagonitein H. ovinaandthatin A. islandicg the kinetics of carbonate
phase replacement is distinct for the two microstructures (Figs. 2A,12@).islandica wheresmall irregularly shaped
aragonite rmeral units comprise the shealeplacement between carbonate phases is rapid and exfevisieereplacement
in the outershell layer ofH. ovina where theshell consistsof largeraragonite prismsis slow and patchyln addition, the
difference between pristine and altered prismatic aragonite avina (compare pole figures and MUD values of Figs. 4A
and 4D) is such that in the altered shell the size of aragonitic prisms increases while the strength of arag@ritatmm
decreases. Thisan be seeim the pole figures and the decreased MUD vatgenpare Fig. 4A with right hand past Fig.
4D, thepartframed in green).

In the pristine shell oM. edulis each calcite fibre is wrapped in an organic sheath. These decompose during
alteration and leave space for fluid permeation and inorganic cedgitecipitation.The comparison of Figs. 5A to 5C and
Figs. A7A to A7B and A8 demonstrates that alteratioMofedulis calcite fibres at 175 °C, in the presence of afidh
fluid, results in severe distortion tfe fibres. Crystal corientation strength for fibrous calcite decreases markedly, from a
MUD value of 381 inpristine to 79 in altered shell (Figs. 5A, 5@y contrast to thealcitic fibrous microstructure, and
similar to H. ovina nacre, after 35 dayof alteration(175 °C in the presence of a Mgch fluid), there is no significant
change between pristine and alteMdedulisaragonite nacre (Figs. 5B, D, A7C, A7D). In alteMdedulisamalgamation
of nacre tabletsan beobserved (yellow stars iRig. A7D), and a slight decrease in aragonite crystabigentation strength
(pristine nacre: MUD 129; altered nacre: MUD )05

3.3 Alteration pathways

Major changes in microstructure whidevelopduringdifferent alteration times are depicted in Figs. A9 to ASdbsequent

to decomposition of organic materiady fall investigated skeletonse find thaione of the first steps in the alteration process

is an increase imineral unitdimension relative tehat in the pristine skeleton. In tiR®ritessp. coral skeleton, individual
spherulites grow together (white stars in Fig. A9B, A9C) and form large and compact entities. Even though the alteration
fluid accessed the skeleton from all sides, calcite fioman Porites sp. starts within the skeleton and proceeds outward
toward the outer perimeter of the hard tissue (Fig. A9D). An increase in mineral grain size with progressive alteration can
also be observed for both microstructures that constitute #iis shH. ovina(Figs. A10) andM. edulis(Figs. A11). As the

organic sheaths around theneral unis decompose, space becomes available for new mineral formation. Aragonite prisms,
calcite fibres, and nacreous tablets increase in size until they atiutotteer. In particular, the nacreous microstructure,
irrespective of its specific arrangement into columns or sheets, and the calcite fibres form compact entities in response tc

alteration. In addition to an increase in fibre dimensMngedulis calcitefibre morphology becomes highly distorted with
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progressiveand longalterationduration Even though the prisms of the prismatic shell layad.imvina also amalgamate
due to their slightly rounded and irregular morphologyidsbecomeentrappedn this layer of the shell

A further characteristic caused by hydrothermal alteration is the significant rise in powtthity individual
mineral unis (Fig. 6). Even though the latter grow together at their perimeters (Fig. 7) a multifutgnopoes develop
within the mineral unitsdue to decomposition of biopolymer fibrilsat is present in mineral units of the pristine skeletons
(e.g., Griesshaber et al., 2013asella et al., 2018a, 2018bjowever as Fig. 8 showshe inorganic calcite thatofms from
the altered biogenic aragonite is devoid of poréhe patches of pores that are visible within tiesvly-formed calcite
(white arrows in Fig. 8) are all residues of the incorporated altered biogenic prismatic aragonite. Our results indicate that
major features of the mesoscale original microstructure are retained even at advanced stages of alteration (FitheA12). In
shell of H. ovina, for instance, where prismatic aragonite is almost entirely replaced by calcite (Fig. A12), the original
gradation inmineral unitsize towards the rim of the outer shell layeretined Large newly formed calcite crystals (white
stars in Fig. A12B) are within the central part of the shell next to nacreous aragonite and decrease in size towards outer she
portions(Fig. A12B)i as it is the case in thenalteredprismaticaragonitic shell

Our results highlight that among all irst@®ated microstructures, the nacreous microstrucan@sost resistant to
hydrothermal alteration, irrespective of tablet thickness or their modegahization(columns or sheets)Ve observed that
replacement of biogenic nacreous aragonite by indgcgeaicite takes place witthe formation ofvarious microstructural
and chemical intermediatages These are described in detail férovinanacreandareillustrated in Figs. 91 and A13
A15. Alteration of bivalve and gastropod nacre st@jtsith the decomposition of organic biopolymdrstween and within
the tablets This isfollowed by (ii) overgrowth with the original phag@ragonite)onto tablet rims andesults intablet
amalgamationOngoing alteratioriii) destroys tablet assembly (blugars in Figs. 9A, 9B) up to the complete obliteration
of the nacreousnicrostructure (yellow stars in Figs. 9A, 9B, 10A, 10B). Howeverthesphase map in Fig. 9E shques
phase replacement of biogenic aragonite by inorganic calo#ée not take placat this stage of overprinOur results show
that the migostructure is destroyed firsteplacemat of one carbonate phase byotheroccurs subsequently (Fig. 9).
During alteration in a Mgich fluid, a Mgrich seamof calciteis always present at the phase replacement front, between the
newly formed calcite and the highly overprinted nacreous aragonite (white arrows in Figs. 9A, 9D, Fig. A14, white arrows in
Fig. A15A). Based ondifferences inMg-contents we find different metasable Mgrich carbonates with a calcitgpe
structure and compositions from dolomitic to ca. 80 mole % magn@sgs. 10, 11, A15)Thesesegregate between the
6 f i lovaNgéalcite and the overprintgdeworked)aragonite (Figs. 11, A15). The last stafihe replacement of biogenic
nacreous aragonite by inorganic calcitéivg the formationof low-Mg calcite(the final calcite) which in the final stage of
alteration constitutethe overprinted hard tissue. We could often observe, #sgitd thechange from one carbonate phase
into another, the newly formed calcite retamuch of the original mesoscale morphology ofti@eral unis inherited from

the pristine biogenic skeleton.

4 Discussion

Biomineralised tissue provides the bulk of fossil matehatis used for geochemical analysis. As all fossil archives are
overprinted to some degree, it is of major importance to identify ttizd@re subject to minoand moderate dgrees of
overprint, as (i thesearethe materia that contairmostprimary information, andii) identificationof extensive overprinis
not challengng, asa severely overprintechicrostructure is either highly distorted isrcompletelydestroyed The latter two
characteristis are easily identified, whilenicrostructures with a low to moderate degree of overprint are difficult to
recognse and to detect.

Accordingly, important questionthat arise in this context araVhat are the intermediate steps digenetic

alteratior? What ismodified first, easilydestroyedor/andkeeps for a short timenly? The original skeletal microstructyre



10

15

20

25

30

35

40

the original mirralogical phaseghe geochemical informati@Whathappens tehe original geochemical informatiothat is
storedwithin the biogenic archive®n a broader scaleCan we identify major @thways of diagenetic overprihtVhat

determines the preservation potential of a fossil archive?

4.1 The process of overprint

Diagenetic overprinting of biogenic carbonates encompasses morphological and chemica thetngeke place during
postmortem alteration. Fluids act as catalysts for the alteration reactions atoitkiccontacts and allow the overprint
reactions to proceed at a rapid rate (Brand, 1994). This response is in contrastdtatobdteratiom dry systems, where
overprint kineticss much slower. Brown et al. (1962) have shown that replacement of aragonite by calcite at Earth surface
pressure and temperature conditions is 10 orders of magnitude faster in the presence of water comparedditicchy.
Accordingly, with the death of the organism and burial in sedimditsnineralised hard tissues becorsgbject to
diagenetic overprintto solventmediated phase replacement (Cardew and Davey, 1883he coupleddissolution of the
original material and theeprecipitation othe new product(s) (Putnis, 2002, 2009).

It has been shown foinorganic systems that coupled dissolutiogprecipitation is highly influenced by the

availability of interfaces the reactivity ofsurfacesand theextent and topological characteristics of the original and newly

formed porosity (Putnis, 2002, 2009Arvidson and Morse2014 Ruiz-Agudo et al., 2014 It is demonstrated that coupling
of the two (sub)reactions takes place when the rate of dissolutite @friginal phase and the rate of crystallisation of the
product is almost equal. This has the effect that coupled dissehefiwacipitation of mineral replacement proceeds with
preservation of the external shape of the primary mineral, and leadsntifn of pseudomorphs (Xia et al., 2@0®ian et

al., 2010).Is the coupling between dissolution and recrystallisatiefi balanced, delicate microtextural features are well
preservede.g.twin boundaries (Xia et al., 2009b) evensmall featuresuch aexsolution lamellae (Altre@Villiams et al.,
2015).

In inorganic materials rorostructural eéments such as grain boundares ofkey importance for the@rogress of
the overprint processs atthe first stages of alteration, ethe provide the pathways for fluid infiltration and percolation
through the material (Echmann et 812014 Jonas et al., 20}4In inorganicsystems, mass transfer along grain boundaries
is an order of magnitude faster than througé pbrosity which forms as a result of the mineral replacement reaction
(Etschmann et g12014; Jonas et aR015).However, vith progressive alteratioan interconnected pore systatevelopsn
inorganic materialg§Putnis, 2002, 2009; Pollok et al., 201Ruiz-Agudo et al., 14 Altree-Williams et al., 2015) and

allows (in ideal casesjor the continuous communication between the bulk aqueous phase and the primary and secondary

phases at the reaction front (Putnis, 2002, 28@Schmann et gl2014).Besides, pre formationdevelopsalsoas a direct
consequence of the mineral replacement proteshosecases whe the molar volume change involved in the reaction is
negative. A further source of porosity development during mineral replacement relates to the differdnbdiip Between

the primary and secondary phases (Pollock eR@l1). Porosity is generated when the primary phase is more soluble than
the secondary phasas a small amount of the latter precipitates after dissolution of the former. In the tEseweéstigated
biogeniccarbonates, even though the solubility of biogenic aragonite is higher than the solubility of inorganic calcite, the
solubility difference is not large enough to compensate the positive golthange in the dissolutiaeprecipitatbn
reaction. A positive molar volume change of only 8.12 % is associated with the replacement of aragonite by calcite
(Perdikouri et al., 2011, 2013).

Perdikouri et al. (2011) investigated the replacement of inorganic aragonite by inorganic calciteithidne a
immersed inorganic aragonite in pure water and in solutigmish contained calcium and carbonate, with the solutions
being saturated with respect to calditg undersaturated with respect to aragonite. In experinvemitsh were carried ouin
the presence ofvater, a replacement was not observable, even after an entire month, unless the solution temperature wa

equal @ higher than 180 °C. Howeveryen at elevated temperatures there was only a narrow rim of aragonite replaced by
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some calciteovergrowth. The newly formed calcite was devoid of pohesice there was no communication between the
bulk aqueous phase and the phases at the reaction fros¢aled the aragonite and prevenfedher progressive
replacement.

By using aqueous solaiis containingcalcium and carbonate Perdikoet al. (2011) obtained different results.
When the composition of the solution wstsichiometric comparable results were obtained to the experiment with water:
little replacemenof the original materiahrd the formation of a neporous calcite overgrowthn contrastat alteration ina
nonstachiometricsolution, the amount of calcite overgrowth was still snadhvevera high degree of replacement was
achievedThis effect wasncreasedven more by thabsence of calcium in the solution.

The experiments of Perdduri et al. (2011) demonstrate the importance of porosity and porosity generation for the
progress of dissolutiereprecipitation reactions and allude, @t least one fundamental difference between biologic and
inorganiccarbonatéard materialsTheabsence of primary porosity inorganic carbonates as wellthg (almost complete)
drop outof secondary porositjormation The lattershould have been generdtat early stages of alteratiotue to the
positive molar volume chandkat isinvolved in the aragonite by calcite replacemétdwever, e only porosity that might
havebeen generated in inorganicarbonatesystems arisefrom the minor difference in solubility between aragonite and
calcite. As the solubility products of the two main carbonate phases are siwglanjttle porosity formationcan takeplace,
and consequently(i) the replacement of inorganic aragonite ihgrganic calcite occurs at \ery slow rate and(ii) is
significantly less pervasivas it is the case whdriogenic aragonités alteredo inorganic calcite

Biological hard tssues are hierarchically orgagis composite materials where at all scale lewvetsfind an
interlinkage of biopolymers with minera(sevi-Kalismann et al., 20QIMarin and Luquet, 2004; Mayer, 2005 et al.,
2006; Metzler et al., 2007Checa et al., 2009)The degradation dbiopolymers, being occluded within and between the
mineral unis of the hard tissy@rovides the necessary network of interconnected porosity (Figs. 6, 7, 8, A9, A10TA&7)
porosity network not only facilitates alteration, it drives and accelerat@aiitresults show thatfor biological carbonate
tissues, the presence of primary (inherent) and secondary (induced) potosgiggher with the characteristics of the porosity
network determines the kinetics and extent of the alteration. Furthermore, tiseefitacharacter of porosity additionally
influences mineral replacement reactioapart from porosity generation, porosity coarsenargl porosity closurare
widespread phenomend@hese modify the geometry of the porosity network, increase its tortu@sityreduce its
permeability thereby affedhg mass transfer at the interface between the bulk solution and the original mineral phase and
hinder physicochemical +equilibration.

Porosity characteristics are different for the different microstructsesstigated in this study (Fig. 1). Primary
porosities are present in the shell/ofislandicaand in the prismatic shell layer &f. ovina Althoughthe skeleton of the
coral Porites sp. is compactthe coral skeleton has a particularly high surface,asahe skeleton consists of various
combinations of vertical and transverse elements, with most of these being developed as thin Mimetkdeunits which
comprise these skeletal elengnbnsisof irregularly organied clusters of closely packed aragonitic needles. The centres of
calcification are the primary pores in the skeletoPofitessp. However, these are in general not interconnected, and thus,
do not facilitate transfer of solutesand away from the reaction front to a large extent. Stacks of calcite fibké&seidulis
and the nacreous tablet arrangement®liredulisandH. ovina are the most compact microstructures investigated in this
study. These materilack primary porosities. Nontheless, wherthe shells araltered, the extent of alteratidmduced
secondary porosity is high inacreous shell portionss the occluded int@mblet membranes and int@blet fibrils

decompose anléavespacebehindfor extensivefluid circulation.

4.2 The effect of microstructure - intermediate stages

A still unsolved problem in palaeoenvironmainteconstruction is the assessment of the extent of diagenetic overprint that

compromises the fidelity of geochemical proxies. One strategy is to use numerical approaches for the guantification of the
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extent of diagenetic alteratiofheseare baseeither(i) on the comparison of element to Ca ratios and associated partition
coefficientsor (ii) the comparison between isotope compositions of the pore fluidhabafthe precipitate (Regenberg et

al., 2007 and references therein). In a previous study (@asteal., 2017), we reported experimental dataXoislandica

shell material for the replacement reaction of biogenic aragonite by inorganic calcite. In the present study, we extend our
previous work with the investigation of additional carbonate sete and thuysother mineral fabrics. One of the major

goals of this study is the reliable identification of the first stages of alteration and the attempt to qualitatively assess
diagenetic alteration based on microstructural reorganisation

For theseadrgets, we apply statisticgrain-areaevaluation and develop this approach as a qualitative tool for the
detection ofincipient tomoderate diagenetic overpriritigures 12 and A16 show relative frequenoygrain-area(area of
mineral unis in the case of biological hard tissues) diagramgHepristine and the most altered (alteration for 35 days, at
175 °C, in Mgrich fluid) skeleton equivalent§&rainareadatais obtained from EBSD measurememsgrain is definedas
a regionthat iscompletelyboundedby boundarieghat have a misorientation angle larger thasritical value, the critical
misorientation valueGriesshaber et al. (2013) determined empirically that a critical misorientation value of 2festtite
microstructure of rdern carbonate biological hard tissuByg using this valuewe differentiatebetween individuamineral
units (e.g, fibres, tablets, prisms, columns).

The compilation in Fig. 12 clearly demonstrates the influence of the biogenic microstrantihe abilityto
withstand or to yield to alteration. The relatiohlog (frequency) versus log(ain-ared is linear forA. islandica M. edulis
calcite andPoritessp. aragoniteand is a cleaindication ofthefractal distributionin the microstructures of these skeletons.

The least difference igrain-area between pristine and most altered states was observéd fglandicaaragonite
(Fig. 12A), while the mst significant differenceve foundfor M. edulisfibrous calcite (Fig. 12E). FdPoritessp. acicular
aragonite andH. ovinaprismatic and nacreous aragonite we find a perceivablesmall difference irgrain-areabetween
thepristine and the most altered states. Moedulisnacre the majority afrain-areadata overlapEven thoughfor thistype
of microstructureas wellsome large grainalsoformed in the altered shell (Fig. A16).

As describegreviously subsequent to the destruction of organic sheaths, membranes and fibrils, the amalgamation
of mineral unis is the next and highlydrastic step in the overprint process. Inorganic mineral precipitation starts in cavities
between themineral unis and invoids within them (e.g., Figs. 7, A17; Casella et al., 2018a, 2018b). It is important to note
that thisvoid filling occurs prior to carbonate phase replacement, and thus, pmarg@niccalcite formation. With EBSD
we not only measure patterns of &gl orientation but dermine the mineralogical phaséthe hard tissuas well At this
early stage of alteratiothe newlyformed crystallites that are deposited between rfieeral unis retain the phase of the
host crystal and often even the crystgthphic information of the mineral in the pristine skeleton. Thus, in aragonitic
biogenic microstructures, inorganic aragonite will precipitate, while in calcitic biogenic microstructures inorganic calcite
will form. Syntactic nucleation of a secondaryaph that has the same minerataginature as the primary phaserompted
by the reduction of the energy barrier associat#ld heterogeneous nucleationdantrasto homogenous nucleation from a
bulk agueous solution. This barrier is redues@n furher as a result of a perfect match between the crystal lattice of the
original andthe secondary phase. Theduction inenergy barrier explains the preference of inorganic aragonite formation on
biogenic aragonite at the first stages of the alterationgss) rather than thaystallization of themore stable inorganic
calcite.

However, die to its composite nature, biogenic aragonite is more soluble than inorganic aragonite and even more
soluble than inorganic calcite. Thus, an aqueous solutioeqislibrium with biogenic aragonite is supersaturated with
respect to bothinorganic aragonite and inorganic calcifes aragonitenucleation orexisting biologicalaragonite can be
epitactic, the much better matelerossthe interface makes it more likethat inorganic aragonites formedon the pre
existing biogenic aragoniteeven though calcite is the more stable phase at Basthface pressure and temperature

conditions Freeenergies and solubilities of the two carbonate phases are close enatighethower energy barrier
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associated with epitactic nucleation kinetically favours the formation of new aragonite on the surface e®eistipg
aragonite FernandeDiazet al., 2009RoncatHerrero et al.2017;Cuesta Mayorga et a01§. Thisfeaturealsohas been
observed in nature. Hover et al. (2001) report early diagenetic owespforaminifera and green algae skeletal hard tissues
and demonstrate that the overprint mechanism is the coupled process of dissolutgmeanipitation. Theauthors find thin

overgrowths on the mineral units of the original hard tissues and show that the precipitated material is largely similar in

composition and structure that of the host crystallitesiccordingly, aspect ratios of thmineral unis change as their
original morphologiesbecomedistorted (Figs. 7, A8, Al7)and compaction of the hard tissue is the result (e.g., nacre
tablets).Hence even though already altered, the gross microstructure of the shell or skeletmnthiss early stag of
alteration, not modified to a large degre&Ve observe that alteration occurs in two stagesrdlBted to the original
carbonate phase of the hard tissmeergrowthof inorganicaragonite oinorganiccalcite in voids and poresithout major
destriction of he original microstructure and (2) phase replacemenyith new phaseformation and distortion of the
original microstructure up to its complete destructidimese processes involve the constant rearrangemeot@s$ which
in this case is driven by the free energy reduction assoaidtedhe increase in the volume sorface ratio of thenineral
units.

We observed the above described features for all investigated microstructures (Figs. 12Bexc&gtfpr the

aragonitic microstructure of the shell of the bivakeislandica(Fig. 12A). Aragoniticgrainsin A. islandicashell are small

and are embedded in a network of biopolymer fibrils (Casella et al., 2017). The thin fibrils are easily destroyed when altere

and leave behind a network of voids and cavjtighich facilitate fluid infiltration and permeation through the shigll.
addition, he large number of smathineral unis gives rise to exceedingly large surface areas where the fluid can get into
contactwith the mineral Carbonate phase alteration kineticsAinislandicashell is sluggish at first. However, once the
nucleation barrier is overcome and the alteration process is started, it protgadty (Figs. 2A, A4A; Casella et al.,
2017). Thus, owgrowth of inorganic aragonite in voids amineral unitamalgamatioraremasked by theapidreplacement

of biogenic aragonite by inorganic calcitéhe high volume of interconnected porosity and the presencéheof
thermodynamically less stable biogemi@goniteexplainwhy alterationin A. islandicabecomesactive after sucha short
time when beingin contact withthe diagenetic fluids.The topological characteristics of porosity facilitatine coupling
between the rate of aragonite dissolution tredrate ofcalcite reprecipitation. This, in turn, explains the little difference in
mineralunit/grain-areafound in the hard tissue & islandicabetween the pristine and the most altered st&igs 12A).

In contrastM. eduliscalcite shows the ast significant difference igrain-areabetween the pristine and the most
overprinted states (Figs. 12E). When altered, the morphology of calcite bie@smesdistorted (Fig. A8A); fibre
amalgamations substantial and lexto the formation of large and highly irreguladhaped mineral units (Fig. A8B). In the
pristine state, calcite eorientation strength is high M. edulis we finda singlecrystatlike distribution of ¢- and a*axes
(Figs. 6 and 7 in Schmabhl et &012). Hence, many neighbouring calcite fibres are highigligmed, a circumstance that
favours the amalgamation of similarly oriented fibres (Fig. A8B). The nacreous shell layieredulisis little affected by

alteration (Fig. 12F, Fig. A16A, A16Bgven though nacre tablet amalgamati®neadily perceivableThe nacreous shell

part growsto a compact entity and becomes sealed and protected against fluid infiltration. This explains the observation of

remnants opieces ofacreous shell surrounded tgicite (Brand, 1994) as well as the prevalence of the nacreougpatiell
of M. edulisrelative to calcitic sheliecesin seashore sediments.

Nacre inH. ovinabehaves slightly differently when hydrothermally altered (Figs. 12D, A16A, A16Q]J. bvina
nacretablets are assembléalcolumnsand tablet dimensions are smaller than those presét éaulis In both shells that
of M. edulisand of H. oving nacre tablets are encased by organic sh¢attdadi et al., 2006Checa et al., 2006, 2009,
2011 Barthelat and Espinosa, 2Q0Tompared tdVl. edulisnacre, nacre iil. ovinahas a larger organimineral interface
and mineral surface area per volume fraction of shell. Nacreous tablet amalgamation and compacsiam tbecshell of

H. ovinaas well. In contrast tM. edulis H. ovinanacre exhibits a distinct increase in grain size in the altered hard tissue.
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Due to the larger interface and surface aredlirovinanacre alteration fluids infiltrate the shell margensely and
dissolutionreprecipitationoccurs to a higher extent. Hence, overpigninore significant andhecomesmore evident. The
same argument holds for prismatic aragonite found.iovina(Fig. 12C) and acicular aragonite Roritessp. (Fig. 12B),
where in both, prior to replacement of biogenic aragonite by inorganic calaii@eral unis increase in size in the altered
skeleton. It is important to note théite mineral unitsize increase is accompaniedHn ovina and Porites sp. by partial
closure of the porosity,sahe newly formed calcite is completely devoid of pores (Figs. 8, 10, 11, A5B, A10B). The partial
closure of pores explains the low degrees of replacemenivéhfihd inthese hard tissues even after long alteration periods
(Fig. 2)

Our study clearly shos that of the investigatedaragonitic microstructures nacre isthe most resistant to
replacemento calcite, irrespective of the assembly pattern of the tabdatslumns orsheetsPorosity closure anchineral
unit (nacre tablet), amalgamation recasts at first complételyoriginal microstructure however with the preservationof
the original phaséFigs. 9A, A17A, A17B)Hence, even though nacreous aragonite is gtélsent in the shedls aragonite,

it is an overprinted aragonite thatolds little of the original microstructural or geochemical signatuféth anincreasing

degree ofal t er ati on, the o6r emoul deidodgani calitg.dmeiotteomeboé cualteration r e p |

experimentdeads to the conclusion thdte microstructural signature is Id#tst (prior to a complete loss of the original
mineralogicalphasg while the geochemical information ill retained in the mineralat least to some degre®/hen
alteration takes placin a Mgrich fluid, metastabléigh-Mg carbonatesire presenat the originalmateriali newly-formed
product i nterf ac e jnorganiclavevd tatcite.dhesethighVg carieonatehavenaacélciieype structure
andMg-contentsrangingfrom dolomitic toabout80 mol% magnesitgFigs. 9A, 11).We clearly see an evolution in fluid
compositionat the alterationfront due toan evolution in catioranion exchange between the alteration fluid, the overprinted

original, and the newhformed carbonate products.

4.3 Implications for preservation in the fossil record

Several studies have shown that in modern cold and warm water environments aragonite dissolution taétesnglace
burial diagenesis (e.g., Cherns et @008 and references therein). It has been further demonstratedh Palaeozoic
marinefossil faunae the taxawith calcitic skeletons prevailhisis an indication of preferential loss afagonitic shells and

skeletonsdue to dissolution during diagenetic overprint (e.g., Wright et 26103; James et gl.2005). In addition to

preferential carbonate phase preservation, experimental studies document that the microstructure of the biogenic skeleto

influences fossil presvation (e.g., Harpefl998; Kidwell 2005), leading to a possibly distorted notion ofapakcological

and evolutionary patterns. Accordingly, laboratbgsed hydrothermal alteration experiments accounting for microstructural
as well as mineral phaseriability offer important insights into the fate of carbonate hard tisGyesiringearlydissolution

in shallow burial and (i) surviving dissolution and preservation in the fossil record.

Do we see resemblances between the microstructurdlchemicé outcome of our alteration results and
microstructural andeochemical features of fossdib hard tissued?is remarkable thaeven though ouexperiments lasted
only for 35 dayswere carried out & single temperatur@ndwereperformed in theresence of only one type of alteration
fluid, there is much overlap between our experimegmtatiuctsand carbonateshich underwent diagenesis. Several decades
ago Friedman (1964) and Land (1967) reported on the early diagenesis of skeletal carbanatebarate sediments
exposed tanarine watersThe biological carbonates retained their original mineralogical and textural characteFiségs.
found that lpgenic aragonite was dissolved for the reprecipitation of-Néyvcalcite, with highMg calcite keing an
intermediate phase. Mgasremoved from highMg calcite to yield lowMg calcite, and, on enicrometrescale, withougny
textural change (Friedmaa964). Land (1967) observed that skeletal aragomitealteredmuch quickerrelative to non
skeletd aragonite grains. Brand (1989) investigated tbplacement obiogenic aragonitéy calcite in fossil molluscs

(Boggy Formation, Oklahoma, .8A.). Screeningof the mineralogy, microstructureand chemical compositioimdicated
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that primary nautiloid @gonitewasgradually replaced by diagenetic léMg calcite. Duringtheinitial stages of alteratign
nacreous tablets fused to larger units (Brar@89). With further alteratigramalgamated nacreous aragonite was replaced

by fine- or coarsegrained low-Mg calcite. Brand (1989) noted that tbemposition of theriginal aragonite determined the
elemental and isotopic composition of the calcite in the diagenetically altered Beflermore, the authaepored that

grain size and surface area piyimportant rolén the process of overpring. Diagenetically overprinted aragonitic corals

were investigated by Sorauf (1980) and Tomiak et al. (2016). The authors observed that during early diagenesis, subseque
to decomposition oforganic natrices aragonitic units formed through fusion of pristine skeletal elements. Pore space
beame filled prior to burial, with aragonite needles growing syntaxially on existing biogenic aragonite. Subsequent
submarine diagenesied to recrystallisatiorof fibrous aragoniteinto intermediate, micritic higiVig calcite. Tomiak et al.

(2016) and Regenberg et al. (200Bservedormation of new mineral overgrowth duriregrly diagenesis of coral aragonite

and planktonic foraminifera calcitdhe latte, at first, retaned and corresponded tihe carbonate phase of the original
pristine skeleton. Wardlaw et al. (1978), Sandberg and Hudson (k88BMartin et al. (1986) descrith¢he influence of
skeletal porosity as conduits for alteration fluids during diagenesithed®placemenbf aragoniteby calcite is driven by

the greater solubility of aragonite relative to that of caldigring the replacement reactitine diagenetic pore fluid is
undersaturated with respect to aragonite wihile supesaturated withrespect to calcite (Maliva et aR000). Hendry et al.

(1995) proposedon the basis oflifferences in degrees slupersaturationa O-Wwaib e r di agenetic sys
moving (at the dissolutioreprecipitation front) and a relatively fast movitmilk pore water) alteration fluid.

In our experimentsve detected the following major steps and pathway of alteration: (i) decomposition of
biopolymers, (ii) secondary porosity formation on nanometer and micrometer scale levels, (iii) amalgamationabf miner
units, (iv) destruction of the original microstructure with subsequent carbonate phase change, and (iv) chemical evolution of
the alteration fluid.These stagesvere also observed in natureOur experiments, which lasted only for 35 days in
comparisond geologic time scales, constrain that major and drastic steps of alteration take place at very initial stages of the
overprint process.

Finally, we restate our mapr question What determines the preservation potential of a fossil archieer
factors areThe availability of porosity on all scale levéts fluid circulation This enablethata well ballancedlissolution
reprecipitationcan takeplace.The result isucleationandepitacticgrowth of the original phase voids and cavitiesatthe
sites ofdegradediopolymers leadingto amalgamation afhineral units The final result is theompaction of the entire hard

tissueand protectiorto disintegration

5 Conclusions

For an evaluatioof the resistance dfiogenic carbonate twithstanddiageneticalteration and an assessment of the ability
of the biocarbonate microstructut@ become preserved in the fossil record we investigated the behaviour of six biogenic
carbonate hard tissudsring experimentahydrothermal alteration. Our main conclusions are the following:

1. Alteration of biogenic aragonite to inorganic calcite starts along pathways where fluids can penetrate the
mineralized tissue. It is fastest in hard tissues which contain primary porosity andnagpesed of irregularly
shaped mineral units embedded in a network of biopolymer fibrils. The latter are easily destroyed providing
secondary porosity, and together with the primary pores, ample space is provided for extensive fluid infiltration into
andpercolation through the hard tissiéoreover, porosity is created at the transition frdinis mode of overprint
is observed for therismaticaragoniteshell layerof the gastropodHaliotis ovinaand for the shell of the bivalve
Arctica islandica Overpinting of these hard tissues is fast and is completed with the formation of irregularly

shaped and randomly oriented calcite crystals.
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2. The slowest alteration kinetics can be observed when biogenic nacreous aragonite is replaced by inorganic calcite
irrespective of the mode of assembly of the nacre tablets. Alteration proteedghat least four intermediate
stages: (a) decomposition of biopolymers and formation of secondary porosity, (b) lateral and longitudinal
amalgamation of nacre tablets, (c) fotioa of a compact zone of amalgamated aragonite crystals at the alteration
front, where the original nacreous microstructure is destroyed but the original mineralogical phase is kept, and (d)
complete replacement of the original microstructure and theratgwgcal phase by the newly formed mineral
product: inorganic calcite. This mode of overprinbiserved irthe nacreous shell portionsf Haliotis ovinaand
Mytilus edulis

3. The acicular microstructure of the stony cdpalritessp. is highly resistanbtalteration. When altered, aragonite
needlesamalgamate and form a cemented compact haitever, retaining at first some morphological aspetts
the original hard tissue. Replacement of biogenic aragonite by inorganic calcite sRotitéssp. at entres of
calcificationwithin the coral skeleton, and proceeds from the latter into the hard tissue.

4. For all investigatedragonitic hard tissuese observe first the destruction of the microstructure and subsequently,
the replacement of the original acatic phase by newly formed calcite.

5. Alteration inthe Mg-bearingfluid results in the development of a seafnhigh-Mg calcite between the altered,
reworked aragonite and the newly formeaicite. Metastable Mgrich calcite phases form with Mg contertkgt
vary between dolomitic to about 80 mole % magnedités highMg calcite seam migrates with the alteration and
phase transformation front.

6. Differences ingrainareastatistics in EBSD mapsf pristine and altered skeletal equivalents demonstrates an
increase in graisizeof the originally biogenic carbonate phase within the altered hard tissues relative to that found
in the pristine skeleton. Even though at early stages of alteration the original phase is retained, overprinting has
already started ith amalgamation of neighboring crystals and formation of overgrovithis.is most pronounced
in the calcitic shell layer dflytilus edulisand is least observable for the grains which constitute the shitida
islandica

7. Due to formation of overgmths preservation of the original phase is not a reliable indicator for original elemental

and isotope signals.
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Figures and Figure captions

Arctica islandica Porites sp.

Haliotis ovina

5 um

Figure 1. SEM micrographs showing the characteristic microstructures of skeletons of the modern specimens of (A) bivalve
Arctica islandica (B) scleractinian coralPoritessp. (C, D) gastropodHaliotis ovina, and (E, F) bivalve Mytilus edulis The shell of

A. islandica consists of an assemblage of irregularly shaped and sized aragonitigneral units (white stars in (A)) which are
embedded in a network of biopolymer fibrils (this study and Casella et al., 2017). The acicular aragonitic skeleton of thedam
coral Porites sp. (white star in (B)) is composed of differently sized spherulites consisting of fibrils and needles. These grow
outward from an organic templatewhich lines the mineral nucleation sites, the centres of calciition (white dots in (B)). Sells of

the gastropod H. ovina and the bivalve M. edulis comprise two distinct carbonate layers. The shell ofH. ovina consists of
irregularly shaped and sized prisms (yellow stars in (C)) next to a nacreous shell layer with nacre tablets assembled asncotu
(white star in (D)). The outer shell layer inM. edulisis formed by stacks of calcite fibres (yellow star in (E)), while the inner shell
|l ayer is nacreous with nacre tablets arranged in a O6brick
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Figure 2: Newly formed inorganic calcite content versus alteration time plots calculated from Rietveld analyses of XRD data
obtained for hard tissues of (A)Arctica islandica (B) Poritessp.and (C) Haliotis ovina Red dashed lines indicate the percentags
newly formed calcite at 35 days of alteration as well as maximum contents of inorganic calcite for each investigated species.
Differences in newly formed calcite contents among thehree species clearly highlight the influence of the different
microstructures on the replacement kinetics of biogenic carbonate by inorganic calcite.
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10

15 Figure 4: EBSD colourcoded orientation and phase maps with corresponding pole figures show the microstructure, texture and
pattern of biogenic and inorganic carbonate phase distribution in pristine (A, C) and hydrothermally altered (B, DHaliotis ovina
shells. Alteration lasted for 35 days and was carried out at 175 °C in a Mgch solution. Crystal co-orientation strengths,
expressed with MUD values, are given at each EBSD map. Alteration for 35 days induces the replacement of large parts of
prismatic biogenic aragonite (A) by inorganic calcite (B). However, in shell layers where replacement has not yet taken place,
aragonitic prisms amalgamate and MUD values decrease (rigitand side of EBSD map shown in (D) framed with a green dashed
line; compare to EBSD map, pole figures and MUD value shown in (A)). The nacreous part of the shell is little affected by
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Figure 3: EBSD colourcoded orientation and phase maps with corresponding pole figures which depict the microstructure,
texture and pattern of biogenic and inorganic carbonate phase distribution in pristine (A) and in hydrothermally altered (BC, D,

E) skeletal elements of the scleractinian cordPoritessp. Alteration lasted for 35 days and was carried out at 175 °C in a Mgdch
fluid simulating burial water (100 mM NaCl + 10 mM MgCl, aqueous solution). EBSD colour codes are given in (F). The strength
of crystal co-orientation is expressed with MUD values and is given at each EBSD measurement. MUD values for newly formed
calcites (D) are written into the EBSD map and are given for most newly formed calcite crystals. Even though crystal- co
orientation strength is moderate in the modern coral specimen (MUD: 41 in (A)), it decreases significantly in the altered coral
skeleton (MUD: 13 in (D)). Ceorientation strength in newly formed calcite is exceedingly high, as high as that of calcite grown
from solution (D).
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alteration. Even when altered for 35 days the columnar microstruetre is still well preserved (D). Tke MUD value of altered nacre
(left-hand side of EBSD map shown ifD), framed in red) is very similar to that obtained for pristine nacre (C).
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Figure 5: Colour-coded EBSD orientation maps with corresponding pole figures depict differences in microstrture and texture
between pristine (A, B) and hydrothermally altered (C, D)Mytilus edulisshells. Alteration lasted for 35 days and was carried out
at 175 °C in a Mgrich fluid. The EBSD colour code used is shown in (B); crystal eorientation strengths, expressed with MUD
values are given on each EBSD map. Hydrothermal alteration induces a significant change in pristird. edulis calcite fibres
10 (compare maps (A) and (C)). The strength of calcite eorientation decreases from an MUD of 381 in the pristing¢A) to a MUD of
79 in the altered shell(C), respectively. In the overprinted sample(C), morphology of calcite fibres is highly distorted due to
profound fibre amalgamation. In contrast, nacre inM. eduliswas little affected by the applied hydrothermal alteration conditions
(D); a slight decrease in MUD and sporadic tablet amalgamation can be observétherwise, tablet morphology is not distorted.
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15
Figure 6: Distortion of mineral unit morphologies, mineral unit amalgamation, and development of porosity in hydrothermally
altered shells and skeletons. (Ajrctica islandica (B) Poritessp., (C) Haliotis ovina, and (D) Mytilus edulis Hard tissue material
was altered for 35 daysat 175 °C in the presence of Mg-enriched fluid.

25



