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Abstract

Mollusk shells represent important archives for paleoclimatic studies aiming to reconstruct

environmental conditions at high temporal resolution. However, the shells, made of calcium

carbonate in the form of aragonite and /or calcite, can be altered through time which may

undermine the suitability for any reconstruction based on geochemical proxies (i.e., stable

isotopes, radiocarbon). At present, the diagenetic processes involved in this chemical and

physical deterioration are still poorly understood. The present study aims to shed light on

the onset and development of diagenetic alteration in the aragonitic shell of Phorcus turbina-

tus. To artificially mimic diagenesis, shells of P. turbinatus were exposed to elevated tem-

peratures. The transformation of the mineral phase was monitored by means of Confocal

Raman Microscopy whereas the structural changes were investigated using Scanning Elec-

tron Microscopy and Atomic Force Microscopy. The results indicate that the two distinct

shell layers (prismatic layer and nacre) respond differently to the elevated temperatures,

suggesting that the different microstructural organization and organic content may drive the

onset and spread of the aragonite-to-calcite transformation. Furthermore, changes in the

microstructural arrangement became visible prior to the mineralogical transition. Our results

demonstrate that the specific physico-chemical characteristics of structurally different areas

within the biogenic carbonates have to be taken into account when studying the phase

transformation occurring during diagenesis.

1. Introduction

Most mollusks form shells with supportive and protective functions. These structures are gen-

erally composed of calcium carbonate (CaCO3), typically aragonite and/or calcite, hierar-

chically organized in a wide variety of shell morphologies and microstructures [1]. Most shells

are constituted of two to five microstructurally different layers [2]. In some cases, different

phases of calcium carbonate can coexist within the same shell [3,4]. Along with the mineral

phase (95 –- 99.9 wt. %), the organic matrix represents a minor but important component of

the shell [5]. It is known that this fraction influences the shell’s mechanical properties [6,7].
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However, the exact function of most of the organic molecules is still controversially discussed,

as some of them appear to additionally play a critical role in the biomineralization process [8–

10].

Mollusks grow their shells periodically recording environmental information in a chrono-

logical order. For this reason, and the longevity of some species, shells of aquatic and terrestrial

mollusks are commonly used to reconstruct past climatic conditions [11–13]. Geochemical

and structural proxies can be used to reconstruct variables such as water temperature, precipi-

tation, oceanographic dynamics and vegetation coverage i.e. [14–16]). This information is

extremely valuable to infer environmental dynamics during times preceding the instrumental

era.

However, the quality of the paleoenvironmental data deduced from fossil shells strongly

depends on their preservation state. Diagenetic processes occurring after the death of the ani-

mal can irreversibly alter the shell material and subsequently undermine the reliability of the

archive. Diagenesis is known to induce important mineralogical phase transformations such

as the transition from aragonite into calcite [17]. Aragonite is a metastable CaCO3 polymorph

at ambient temperature and atmospheric pressure. During diagenesis, aragonite is often trans-

formed into the thermodynamically stable phase calcite [18]. This irreversible transformation

also affects the shell microstructure and geochemical signatures, preventing the use of the

altered fossils in paleoenvironmental reconstructions [19].

Different approaches are commonly applied to assess the state of preservation of biogenic

carbonates. The most basic test consists of staining the material with Feigl’s solution, which

allows the distinction between aragonite and calcite based on the coloration intensity [20].

Additionally, cathodoluminescence microscopy can be used to detect the Mn enrichment

related to diagenetic alteration [21, 22]. More recently, Confocal Raman Microscopy (CRM)

has been employed to identify carbonate polymorphs in association with diagenesis [23, 24].

Although it is straightforward to determine the occurrence of phase transformations with

modern analytical methods, the physical and chemical processes controlling them are still

poorly understood. Depending on the prevailing conditions, the phase transition from arago-

nite to calcite can occur as a fluid-mediated or solid-state reaction [25]. Previous works experi-

mentally simulated the polymorphic transformation by exposing the shells to hydrothermal

treatments [26–30]. These and other studies revealed that the fluid-mediated (neomorphic)

transformation occurs through a dissolution-reprecipitation mechanism at the expense of ara-

gonite and in favor of calcite [31, 32]. In contrast, the solid-state reaction of abiogenic arago-

nite appears to involve calcite nucleation on dislocations and boundaries of the original

microstructures [33, 34]. However, observations on the solid-state transformation in biogenic

materials are still extremely limited [19, 35]. In mollusk shells, the presence of organic mole-

cules and the complex structural organization may have a significant influence on the phase

transformation. For instance, these features appear to be related to the onset of phase transfor-

mations at lower temperatures with respect to abiogenic carbonates [36]. Nonetheless, despite

recognizing these elemental differences, little is known about the processes that promote such

phase transitions in biogenic materials.

To further understand the role of these two components (presence of organic molecules

and complex hierarchical organization) in the diagenetic process, the present study investi-

gates the mineralogical and structural alterations in the two microstructurally different layers

of Phorcus turbinatus shells induced by dry heating. To experimentally reproduce the diagenet-

ically-induced mineralogical transformation, elevated temperatures are applied to the studied

shells. The temperatures chosen in this study are higher than the ones that can be expected

during naturally-occurring diagenesis. However, to mimic a process that normally occurs on

geological time spans, elevated temperatures are needed. These conditions allow to overstep
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the kinetic barrier that prevents spontaneous state transformations in systems characterized by

metastable equilibrium [37, 38]. In situ non-destructive approaches such as CRM, Atomic

Force Miscroscopy (AFM) and Scanning Electron Miscroscopy (SEM), together with Thermo-

gravimetric Analysis (TGA) are used to identify the mechanisms and driving forces behind the

mineralogical phase transformation of biogenic aragonite during dry heating.

2. Materials and methods

Shells of the marine gastropod Phorcus turbinatus, previously known as Osilinus turbinatus,
Monodonta turbinata and Trochocochlea turbinata [39, 40], were collected alive along the

rocky shore of Sousa, Libya (32.907994˚N, 22.044392˚E) in 2012. After collection, the soft tis-

sues were removed and the shells were stored at room temperature. This species is commonly

found in the intertidal zones of the Mediterranean Sea and it has a conical shell characterized

by two aragonitic shell layers [19, 41] (Fig 1A–1E). The two layers are easily distinguishable

based on their appearance and structural organization. The Outer Shell Layer (OSL) is charac-

terized by dark pigmented blotches alternating with white/cream portions whereas the thick

Inner Shell Layer (ISL) consists of iridescent nacre. Generally, P. turbinatus deposit shell mate-

rial throughout the year [42]. However, as with most of mollusk species, brief growth cessa-

tions occur periodically, which are regulated by environmental or physiological factors such as

tides and stress [43]. At μm-scale, the OSL is organized in spherulitic prismatic microstruc-

tures [19] (Fig 1A and 1B). This particular arrangement consists of elongated structural units

(second-order prisms) radiating with fan-like patterns from specific nucleation sites [44]. In

contrast, the ISL is organized as in other species of gastropods, with 0.8–1.0 μm-thick aragonite

platelets (or tablets) stacked in columns (Fig 1A–1C). A small amount of organic material

composed of macromolecules, such as polysaccharides and proteins, separates each of the sin-

gle carbonate units [45, 46]

2.1 Sample preparation

Three types of experiments were carried out with P. turbinatus shells. The duration of heating

was varied between experiments, using 10 mins (Experiment 1), 12 hours (Experiment 2) and

72 hours (Experiment 3). Experiment details such as the heating device, heating rates and tem-

perature ranges will be discussed in sections 2.2 and 2.3.

The shells used in Experiment 1 were cut across the outer whorl perpendicular to the direc-

tion of growth. Using a low-speed precision saw (Buehler Isomet 1000) two slabs of ca. 1.5 mm

thickness were produced from each specimen. A total of three slabs were used in the experi-

ment. The surface of the sections was ground using carbide papers of different grit sizes

(Struers; P1200, P2400, P4000) and polished using a 0.3 μm aluminum oxide suspension

applied to a silk cloth. After each grinding and polishing step, the samples were immersed for

ca. 2 minutes in an ultrasonic bath containing deionized water. When dried, the slabs were cut

into small fragments of 8 mm in length and 0.6 mm in thickness and glued on sapphire discs

using a JB-Weld temperature-resistant resin. The shell used in Experiment 2 was prepared

similarly with the exception that it was cut along the longitudinal axis (Fig 1A). One slab was

used in this experiment. The four specimens used in Experiment 3 were firstly heated and then

embedded in blocks of Araldite 2020 resin. Three shells (3.1, 3.2 and 3.3) were cut across the

outer whorl, ground and polished following the same protocol as the shells of Experiment 1.

The fourth shell was sectioned twice to produce two parallel slabs, which were prepared follow-

ing the same protocol as Experiment 1 (details are given in section 2.3).
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Fig 1. Phorcus turbinatus shell organization. (A) Overview of the entire shell with the transversal (upper) and longitudinal (lower)

sections used in Experiment 1 and 3 and in Experiment 2, respectively. (B) SEM image of prismatic microstructure in the outer shell

layer (OSL) and (C) nacre tablets in the inner shell layer (ISL). (D-E) Raman spectra of the OSL (upper) and ISL (lower) indicating that

both layers share the same mineralogy (aragonite). (F) AFM amplitude and (G) phase scan of P. turbinatus OSL showing granular

nanometric structures. (H+J) AFM amplitude images displaying the topographic profile of individual nacre platelets and the existence

of nanometric granular subunits. (I+K) AFM phase images highlighting the inhomogeneity of the nacreous shell material. Dark grey

areas identify the hard material component (aragonite) whereas lighter areas indicate the presence of softer and adhesive compounds

(organic matrix). Red arrows show the location of the boundaries between platelets. (L) 3-D visualization of nacre structure.

https://doi.org/10.1371/journal.pone.0204577.g001
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2.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to complement the mineralogical and structural

information derived from the three heating experiments. Powdered shell samples for TGA

were obtained by drilling 8.4 ± 0.2 mg of ISL and OSL using a high-precision drill (Minimo

C121; Minitor Co., Ltd) with a 1-mm cylindrical bit (Komet/Gebr. Brasseler GmbH and Co.

KG) attached to a binocular microscope. In order to compare the thermal behavior of biogenic

aragonite to its inorganic counterpart, 9.4 mg of pure abiogenic aragonite (in house standard)

was drilled using the same procedure. The three samples were weighed into aluminum oxide

crucibles (70 μl) which were then closed with a perforated lid. Using a Mettler Toledo TGA/

DSC 1 equipped with an autosampler, the samples were heated from 30˚C to 900˚C at a con-

stant rate of 10˚C/min. Powder weight loss profiles were quantified using the software STARe

Excellence Version 11 (Mettler Toledo).

2.3 Heating and Confocal Raman Microscopy (CRM)

The mineralogy of the shells was mapped using a WITec alpha300R (WITec GmbH, Germany)

confocal Raman microscope. In Experiment 1 the heating was performed using a THMS-G600

Linkham heating stage directly attached to the CRM system. Scans of 1200×600 μm and

1200×800 μm were performed on the samples using a motorized microscope stage connected

to the heating stage. Each scan on average contained 93,400 single measurements with a spatial

resolution of 3 μm. The shell surfaces were excited by a 488 nm-wavelength diode laser and a

WITec UHTS 300 spectrometer with 600 mm−1 grating and 500 nm blaze was used to collect

the Raman signal at an integration time between 0.08 and 0.15 s. The shells were mapped by

CRM prior to heating to characterize their unaltered mineralogical composition. Subse-

quently, they were heated from 25˚C to 250˚C at a constant rate of 10˚C/min. Between 250˚C

to 410˚C series of CRM measurements were performed at regular intervals of 10, 20 or 50˚C.

Once the desired temperature was reached, it was held for 10 minutes before starting the mea-

surements (Table 1). Given that the temperature sensor of the heating stage was located under-

neath the sample, the offset between the recorded temperature and the temperature of the

sample surface was determined in a separate experiment as follows. Particles of pure indium

and zinc (ca. 1 mm in diameter) with well-known melting points (156.6 and 419.5˚C, respec-

tively) were placed on the sample surface. The melting temperature was determined by clearly

visible dot melting features, and the offset was calculated to be +2.4˚C for In and +8.5˚C for

Zn. Because this offset was smaller than the narrowest temperature interval, the difference

observed was considered negligible in light of the aims of this study.

Experiment 2 was performed to investigate the potential influence of heating durations on

the shell thermal response. These experiments were performed using a furnace (Nabertherm

P320) to obtain a good comparability with Experiment 3. The shell slab was kept at 200˚C for

12 hours and then it was measured by CRM. Afterwards, it was return to the furnace for an

additional 24 hours at 200˚C. After the second set of CRM measurements, the sample was

heated again at 250˚C for an extra 12 hours and subsequently heated at 300˚C for 12 hours

(Table 1). On average, two CRM maps (one in the ISL and one in the OSL) of 100×100 μm

containing 10,000 point measurements were performed.

In Experiment 3, three shells (3.1, 3.2 and 3.3) were heated in the furnace at 250, 300 and

350˚C, respectively, for 72 hours (Table 1). Each shell was mapped by CRM using the same set-

tings as in Experiment 2. In order to test the potential variability induced by heating the whole

shell (bulk) instead of a section, a direct comparison was carried out by heating one additional

specimen in the furnace at 310˚C for 72 hours. In this case, the tip of the shell was cut, the

exposed surface was ground and polished and used as reference for the section (sample 3.4; Fig
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2). After heating, the shell was cut parallel to the first cut and a second surface was prepared

for the analysis. This surface was not directly exposed during heating, and therefore it was con-

sidered as reference for the bulk material (sample 3.5; Fig 2).

2.4 Atomic Force Microscopy (AFM) and Scanning Electron Microscopy

(SEM)

In addition to the CRM, each step of the heating process of sample 1.3 was monitored using an

AFM system integrated with the Raman microscope. The AFM images characterized the shell

Table 1. Details of the heating experiments on P. turbinatus shell.

Experiment Sample ID Heating device Temperature range (˚C) Temperature intervals (˚C) Heating duration

1 1.1 Heating stage 250–380 10 10 mins

1 1.2 Heating stage 250–380 10 10 mins

1 1.3 Heating stage 250–410 50 (250–350˚C); 20 (350–410˚C) 10 mins

2 2.1 Furnace 200–300 50 12–24 hours

3 3.1 Furnace 250 - 72 hours

3 3.2 Furnace 300 - 72 hours

3 3.3 Furnace 350 - 72 hours

3 3.4 Furnace 310 - 72 hours

3 3.5 Furnace 310 - 72 hours

https://doi.org/10.1371/journal.pone.0204577.t001

Fig 2. Sketch showing the preparation of samples 3.4 and 3.5. The first section was made before heating the shell.

The surface (sample 3.4) was exposed to 310˚C for 72 hours. After heating, the second cut was made, disclosing sample

3.5 which was not directly exposed during heating.

https://doi.org/10.1371/journal.pone.0204577.g002
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surface with nanometric resolution. The measurements were conducted in AC mode (tapping

mode) using an Olympus OMCL-AC160TS cantilever with a silicon tetrahedral tip. When

tracking the surface, the amplitude of the tip oscillation changes following the topography of

the shell. For this reason, amplitude images are commonly used to map the roughness of mate-

rials at nm-scale. In addition, the tip phase signal is particularly sensitive to variations in the

material composition, particularly in terms of viscoelasticity [47, 48]. Soft materials tend to

delay the tip oscillation because they are more adhesive. As a result, AFM phase images are

used to identify inhomogeneity in material properties. In this study, AFM scans of 3×3 μm and

1.5×1.5 μm were acquired in the ISL and OSL.

In Experiment 2 and 3, the shell surfaces were mapped using a MFP-3D AFM (Asylum

Research) in AC mode equipped with an Olympus OMCL-AC200TS cantilever with a silicon

tetrahedral tip. The ISL and OSL were characterized by scans of 3×3 μm and 1.5×1.5 μm.

In order to detect potential changes in the shell structures at μm-scale, analyses with SEM

were performed. Selected shells were observed using a JSM IT100 SEM (JEOL) with 2 to 5 kV

accelerating voltage.

3. Results

3.1 Shell organization at nm-scale

AFM scans of P. turbinatus reveal that both OSL prisms and nacre tablets are composed of

similar basic subunits characterized by a granular morphology and a diameter of 50–70 nm

(Fig 1F–1K). The AFM phase images display a clear contrast between individual granules and

the area directly surrounding them (Fig 1G, 1I and 1K). According to the literature i.e. [49],

the dark grey areas represent individual mineral grains enclosed in an organic sheet (white

areas) which separates them from neighboring granules. As shown in Fig 1I, there is evidence

of a reduced amount of organic matrix surrounding the granules at the platelet boundaries.

Furthermore, these granules, when observed from an inclined angle, appear to be ordered in

rods with a well-defined vertical arrangement (Fig 1J–1M).

3.2 Thermogravimetric analysis of powdered aragonite

The TGA thermal curve indicates that the major weight loss in both abiogenic aragonite and

shell powder starts at around 650˚C (Fig 3). However, a different thermal behavior between

the two materials occurs between 200 and 500˚C. The mass loss of the abiogenic aragonite in

this temperature range equals 0.21%, or 0.02 mg (Fig 3). A greater loss is recorded for pow-

dered shell. Within the same temperature range (200–500˚C), the loss in the OSL is about ten-

fold higher than in the abiogenic aragonite, with a decrease in mass of 1.98% or 0.17 mg. Simi-

larly, the mass loss in the ISL is 2.30% or 0.19 mg (Fig 3).

3.3 Mineralogical transformation after short thermal exposure

The exposure to a short thermal treatment (Experiment 1) induces a heterogeneous mineral-

ogical transformation in the shell (Fig 4). Although the onset of the transformation occurs at

slightly different absolute temperatures among the studied specimens, they all share an identi-

cal overall trend (Table 2). In all cases, the black portion of the OSL (OSLB) is the first area in

which the mineralogical transformation starts. It begins at 260 ± 10˚C and it is completed by

327 ± 25˚C (Fig 4). This is the only shell portion enriched in polyenes (Fig 4B). Presence/

absence of polyenes was determined based on presence/absence of the R4 peak in the CRM

spectrum centered at 1466 cm-1(with a full width at half maximum of 300 cm-1). This peak

relates to the stretching vibrations of the polyene C = C double bonds [50, 51]. The second
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shell portion altered by the aragonite-calcite transformation is the white part of the OSL

(OSLW; Fig 4). Here, the first visible signs of calcite appear at 285 ± 15˚C, and the layer is fully

transformed at 363 ± 15˚C. The nacre (ISL) is the last portion to transform, starting at

Fig 3. TGA thermal curve of P. turbinatusOSL (black line), nacre (red line) and abiogenic aragonite powder (blue

line). For each curve, it is shown the sample weight loss (horizontal step) between 200 and 500˚C.

https://doi.org/10.1371/journal.pone.0204577.g003

Fig 4. Shell pigment distribution and mineralogical response to heating. (A) Confocal microscope image of an unheated shell section (sample 1.2). The red box (B)

indicates the shell portion analyzed with CRM. (B) CRM map showing the heterogeneous distribution of the pigments in the OSL based on the presence/absence of the

CRM R4 polyene peak. In the OSLW and ISL (dark blue) polyenes are absent whereas they are abundant in the OSLB (pink/yellow). (C-E) CRM maps of the distribution

of the different mineralogical phases in the same specimen (sample 1.2) after exposure to elevated temperatures. Dark areas are shell portions formed of aragonite,

whereas bright areas indicate the presence of calcite. OSLB = black portion of outer shell layer; OSLW = white portion of OSL; ISL = inner shell layer (nacre).

https://doi.org/10.1371/journal.pone.0204577.g004
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373 ± 15˚C and terminating at 390 ± 17˚C. The transformation onset occurs with an offset of

25 ± 7˚C between OSLB and OSLW. The full conversion of the OSLW occurs at temperatures

37 ± 14˚C higher than the full conversion of the OSLB. Similarly, the nacre starts to transform

at temperatures 113 ± 7˚C higher than the OSLB, and it becomes fully calcitic at temperatures

63 ± 11˚C higher than what is required for the full transformation of the OSL.

Likewise, the rate at which the transformation occurs differs among the three shell portions.

In the OSLB, calcite is first detected around 260˚C, but only after 67 ± 31˚C, at 350˚C, the layer

is fully converted. Similarly, in the OSLW aragonite and calcite coexist for a 78 ± 25˚C interval.

However, the transformation occurs more rapidly in the ISL, where on average it takes only

17 ± 12˚C before being completed.

3.4 Phase transformation after medium and long thermal exposure

In Experiment 2, the shell is heated at 50˚C intervals from 200 to 300˚C without undergoing

any phase transformation. The polymorph of OSLB, OSLW and ISL remains aragonite

(Table 3).

Experiment 3 (Table 3) shows that at 250˚C the whole shell is still aragonitic (sample 3.1).

At 300˚C (sample 3.2), the OSLB is partly calcitic, whereas the OSLW is almost fully aragonitic

and ISL remains unchanged (aragonite). The transformation is completed at 350˚C (sample

3.3). At 310˚C, the surface directly exposed to heat (sample 3.4) is formed of aragonite in the

ISL and of calcite in the OSL. Similarly, the ISL of the bulk sample (3.5) is still aragonitic,

whereas the OSL is only partially transformed. For instance, the OSLB is completely calcitic,

but aragonite still persists in the OSLW along with the newly-transformed calcite.

3.5 Shell microstructural and nanostructural organization after heat

exposure

Shell architecture at μm-scale experiences important changes after being exposed to heat. As

indicated by the SEM images of the Experiment 3 (Fig 5), a temperature of 250˚C is associated

with microstructures that closely resemble those of the unheated shells. The prismatic

Table 2. Progression of the aragonite-calcite transformation in shell sections of Experiment 1 (short thermal exposure). OSLB = black portion of outer shell layer;

OSLW = white portion of OSL; ISL = inner shell layer (nacre).

Sample ID Transformation start (˚C) Transformation end (˚C)

OSLB OSLW ISL OSLB OSLW ISL

1.1 270 285 370 330 380 380

1.2 260 270 350 300 360 380

1.3 250 300 400 350 350 410

https://doi.org/10.1371/journal.pone.0204577.t002

Table 3. Mineralogical composition of shells exposed to medium and long thermal exposure (Experiment 2 and 3).

Temperature (˚C) Experiment 2 (12 hours) Experiment 3 (72 hours)

OSLB OSLW ISL OSLB OSLW ISL

200 Aragonite Aragonite Aragonite - - -

250 Aragonite Aragonite Aragonite Aragonite Aragonite Aragonite

300 Aragonite Aragonite Aragonite Partly calcite Aragonite Aragonite

310 (section) - - - Calcite Calcite Aragonite

310 (bulk) - - - Calcite Partly calcite Aragonite

350 - - - Calcite Calcite Calcite

https://doi.org/10.1371/journal.pone.0204577.t003
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structures of the OSL are well defined, allowing the identification of the second-order prisms

as elongated units arranged in a fan-wise design (Fig 5A). Similarly, the tablets in the nacre

keep their typical geometry (Fig 5B). At 300˚C, the prismatic microstructures show a major

alteration, with the prisms fused with each other, contributing to a homogenous appearance of

the shell layer interrupted only by narrow cracks (Fig 5C). In contrast, the tablets of the ISL

show only minor alterations (i.e., pores on the tablet surface), whereas the overall organization

remains unchanged (Fig 5D). Both samples heated at 310˚C (section and bulk) present similar

microstructures. The OSLs are characterized by the same appearance as the OSL in the

Fig 5. SEM images of P. turbinatusmicrostructures after heating (Experiment 3). Images in the first row refer to the OSL whereas the second row

refers to the ISL. (E-F) Microstructures of the section directly exposed to 310˚C. (G-H) Microstructures of the bulk shell heated at same temperature.

https://doi.org/10.1371/journal.pone.0204577.g005
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previous treatment (Fig 5E–5G). Likewise, no changes can be detected in the nacre tablets (Fig

5F–5H). At 350˚C, the OSL remains homogenously structured (Fig 5I), whereas the nacre dis-

plays a major alteration. The edges of the nacre tablets become irregular and distorted and,

porosity increases. In some cases, the single platelets start to fuse together into larger biomin-

eral units (Fig 5J).

Similarly, the nanostructural organization of the prisms and nacre tablets changes in

response to heating. In Experiment 2, at 200˚C irregular-shaped subunits begin to form in the

OSL (Fig 6A). In the nacreous layer, biomineral units are larger than usual (Fig 6B). After heat-

ing the shell for another 24 hours at 200˚C, the OSL seems to assume a more regular and gran-

ular organization, and the large granules of the ISL disappear (Fig 6C and 6D). At 250˚C, the

nanostructures are very similar to the previous treatment (Fig 6E and 6F). However, at 300˚C

the two layers present altered subunits (Fig 6G and 6H). In both cases, the granules lose their

roundness and definition making the distinction between individual units particularly chal-

lenging. The observed changes in the nanometric structures occur in the aragonitic shell before

any mineralogical transformation.

In Experiment 3, the lowest temperature (250˚C) is already associated with an alteration of

the typical morphology of the nm-sized granules. In the OSL, individual granules lose their

definition and, when recognizable, they appear more elongated than in the unheated material

(Fig 7A). In the ISL, the subunits are partially visible and rounded (Fig 7B). At 300˚C, the indi-

vidual granules are not identifiable in either of the two shell layers, with the exception of a few

limited areas in the nacre (Fig 7C and 7D). Furthermore, large pores appear on the nacre tablet

surface (Fig 7D). The section heated at 310˚C shows some alterations. The OSL appears more

homogenous with almost no organization at nm-scale, whereas the nacre looks slightly more

structured (Fig 7E and 7F). However, the bulk specimen is more similar to the 300˚C sample.

There are remains of nanostructures in the OSL, whereas the nacre shows large clustered

Fig 6. AFM scans of the nanostructures after heating (Experiment 2). Images in the first row refer to the OSL, whereas the second row represents

the ISL.

https://doi.org/10.1371/journal.pone.0204577.g006
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Fig 7. AFM scans of the nanostructures after long thermal exposure (Experiment 3). Images of the first row refer to the

OSL, whereas the second row represents the ISL.

https://doi.org/10.1371/journal.pone.0204577.g007
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structures (Fig 7G and 7H). At 350˚C, the biominerals of both layers are completely fused to

form irregular and larger agglomerates (Fig 7I and 7J).

4. Discussion

4.1 Hierarchical organization of the shell of P. turbinatus at the μm- and

nm-scale

According to AFM scans, the smallest building blocks of the shell of P. turbinatus are nanogra-

nules. This arrangement is shared among the two shell layers, despite their different architec-

ture at micrometer scale. The results are in good agreement with previous observations. For

instance, strikingly similar nanometric granules were observed among numerous bivalve and

gastropod species, irrespective to their shell mineralogy and organization [52–54]. Such uni-

formity at nm-scale compared to the large variety of structures at the micrometer scale seems

to suggest that the different arrangements of the μm-structures may not result exclusively from

the crystallographic disposition of nm-sized units, as proposed by the “nonclassical crystalliza-

tion” models [55].

Among the different microstructures analyzed by AFM, considerable attention was given to

the nacre. Previous studies showed that, as for the other types of microstructures, nacre plate-

lets are formed by similar nm-scale granules in species studied to date [56–58]. Furthermore,

by means of previous SEM and AFM analyses, nanogranules were recognized as spatially orga-

nized forming vermiculations [59]. As reported by these studies, nacre platelets presented

nanometric asperities outgrowing on their free surfaces and penetrating into the interlamellar

organic matrix [46, 60, 61]. At the boundaries, where two platelets are juxtaposed, their respec-

tive asperities adjoin one other. This may explain the feature of the densely-packed granules

observed in P. turbinatus nacre platelet boundaries (Fig 1H–1K).

4.2 Thermal behavior of abiogenic and biogenic aragonite

The aragonite-calcite polymorphic transformation is an endothermic reaction during which

organic molecules are decomposed and water is released. The observed major weight loss start-

ing around 650˚C is consistent with the major release of CO2 and subsequent aragonite

decomposition into CaO [35]. At lower temperatures, the thermal profiles show a minor and

more gradual weight loss. In the temperature range between 200 and 500˚C, the thermal

behaviors of abiogenic and biogenic aragonite are significantly different. The abiogenic arago-

nite curve remains virtually flat compared to the shell powdered samples. This is due to the

absence of organic compounds that lower the temperature of CaCO3 decomposition [62]. In

addition, weight loss of the shell is larger than in the abiogenic mineral, amounting to ca. 2 wt

%. These results are comparable with previous works that recorded a similar weight loss, from

2 wt% up to 5 wt%, within the same temperature range [63–65]. In these studies, the nacre was

the only shell portion analyzed. Discrepant results are related to different organic and water

content among different mollusk species [66]. Furthermore, our results indicate that the

weight loss can also differ among different shell layers. For instance, the loss of the ISL is

slightly higher (0.32 wt%) than that of the OSL. Weight loss under 200˚C is commonly attrib-

uted dehydration [36, 66]. Around 200˚C, the first CO2 emissions appear, becoming increas-

ingly more important between 300 and 500˚C [62]. The released CO2 originates from the

decomposition of the organic matrix [67]. Therefore, based on the TGA results, we can infer

that the organic phase in the OSL and ISL of P. turbinatus accounts for 1.98 and 2.30% of the

total shell weight, respectively. Higher organic content in the nacre might be related to the
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high abundance of interlamellar membranes compared to the organic sheets in the prismatic

layer.

4.3 Mineralogical and structural transformation

The mineralogical transformation in mollusk shells has been investigated in numerous works

i.e. [27, 35, 36]. In most of the cases, the process was induced by hydrothermal treatment.

Under these circumstances, the conversion from aragonite into calcite occurs through a two-

step mechanism. The aragonite is firstly dissolved into a local thin fluid from which the new

and more stable phase is re-precipitated [33, 68, 69].

In the case of solid-state transformation, the calcite domains heterogeneously nucleate at

the original aragonite grain boundaries and lattice dislocations [33, 34]. In inorganic com-

pounds, defects in the aragonite lattice, including the appearance of nanopores, result from

dehydration during heating [70]. In biogenic carbonates, beside the release of water, the degra-

dation of the organic molecules induces strain relaxation and lattice distortion [71]. In good

agreement with the previous observations, SEM and AFM scans of the present study show

alteration in the structure at both micrometer and nanometer scale. At 300 and 350˚C, respec-

tively, the OSL and nacre start to display drastic microstructural changes attributable to lattice

relaxation such as nanoporosity and loss of geometrical definition [68]. The nanostructures,

instead, show an earlier change near 250 and 300˚C in the OSL and ISL, respectively. Interest-

ingly, all the deviations from the original arrangement occur before the mineralogical transfor-

mation. The results support the hypothesis according to which the degradation of the organic

component, visible in the TGA profiles and starting around 200˚C, influences the distortion of

the carbonate lattice. As a result, the disordered structures induce the growth of new calcite

crystals [71].

Our observations indicate that the major structural changes of the shell occur prior the

mineralogical transition. Even though some minor differences can be detected, there is a strik-

ing similarity between calcite and distorted aragonite structures, supporting the importance of

topotaxy in solid-state transformations that was previously observed by [34, 72]. In fact, this

process involves minor atomic displacements and leads to the formation of calcite granules

with a similar orientation and morphology of their aragonite precursors [34].

Previous observations on P. turbinatus suggested a heterogeneous mineralogical response

to heat. Our previous results indicated that the transformation of the OSL occurs close to

300˚C, whereas the nacre transforms at ca. 500˚C [19]. Results herein are in good agreement

with these data. Likewise, they contribute to a more detailed picture with a further distinction

within the same shell layer. In fact, the black portion of the OSL is more prone to transforma-

tion than the white portion. The considerable asynchronous nature of the process emphasizes

the material heterogeneity. As demonstrated, the nacre contains a larger than expected amount

of organic matrix, which would be expected to lower the temperature of the conversion onset.

However, the ISL is the last part to transform. In addition, the two prismatic portions of the

OSL, with presumably the same quantity of inter- and intracrystalline organic matrix, do not

transform simultaneously. These results suggest that the diagenetic mineralogical alteration

strongly depends on the amount of and, more importantly, on the composition of the organic

phase [66]. For instance, a correlation between the concentration of sulfur in the shell organic

matrix and the CaCO3 lattice distortion has previously been reported by [73]. This observation

supports the primary role of the composition of the organic phase for the structural and min-

eralogical transformation. Sulfur is present in the shell mainly in form of organic sulfate, and

its concentration varies among the different microstructures and shell layers [74–75]. For

instance, the sulfur concentration in the nacre is significantly lower than that of prismatic
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microstructures [66]. This enhanced chemical diversity between the shell layers can potentially

explain the different thermal behavior of the OSL and ISL. The scarcity of sulfur might pro-

mote a delay in the nacre tablet lattice relaxation and aragonite-calcite transformation com-

pared to the OSL. Furthermore, the polyenes located in the black portion of the OSL might be

particularly sensitive to degradation triggering the early mineralogical conversion compared

to the white portion of the OSL.

Aside from the onset of the transformation, the two shell layers differ in the rate at which

the aragonite is converted into calcite. This discrepancy can be explained by the substantial dif-

ference in the arrangement of the two types of microstructures. The nucleation of calcite

occurs preferably at the heterogeneities of the aragonite crystal [72–76]. The structures of the

OSL, organized in small prisms with elevated orientation variability, potentially offer more

heterogeneous surfaces suitable for a rapid nucleation of calcite followed by a slower growth

[72]. In fact, as observed in the present study, transformation of the OSL starts early and takes

long for completion, with gradual expansion of the calcite portions. In the ISL, however, the

transformation is significantly faster possibly due to a faster growth of the calcite granules.

4.4 Methodological remarks

Despite the interest in the diagenesis of carbonate shells, little attention has been given to the

structural complexity of these materials. Most of the studies used powdered samples obtained

by crushing or drilling the whole shell without any distinction between the different shell lay-

ers [77, 78]. Besides having numerous varieties of microstructures, different layers are charac-

terized by different organic and inorganic (trace elements) contents [79, 80]. Notably, the

organic matrix plays an important role in the transformation process [81]. According to this

basic knowledge and the results presented herein, the thermal response of the carbonates is

highly inhomogeneous among shell layers. Therefore, analysis of the whole shell may intro-

duce errors due to the mixture of the thermal response of different shell portions. Instead, the

approach used in the present study, is suggested as a suitable alternative for a detailed interpre-

tation of the diagenetic processes. Furthermore, all methods applied herein (except TGA) are

non-destructive, thereby preserving the integrity of the specimens that can potentially be used

for further structural and geochemical analyses.

Our results indicate that the heating duration plays only a secondary role in the mineralogi-

cal transformation. For instance, after the short (10 mins) and long (72 hours) heat exposure,

the transition starts at temperatures lower than 300˚C. An exception is represented by the shell

of Experiment 2 heated for 12 hours at 300˚C, which remained entirely aragonitic. The only

distinguishable difference related to the exposure time is observed in the nacre transformation.

After 72 hours, it transforms into calcite at lower temperatures than after 10 mins. These

results indicate that the influence of time can be small but it has potential to become significant

when considering experiments longer than 72 hours.

Furthermore, our study reveals that the thermal behavior can be different between bulk and

sectioned specimens. In the case of sections, direct exposure of the shell surface to heat seems

to induce a slightly faster mineralogical phase transformation. The water and organics origi-

nally contained in the shell can easily degrade and be released from the surface. However,

when the shell section is not directly exposed to heat, the release rate decreases, possibly due to

physical impediments during the process. This difference has to be taken into account in

future studies, especially when focusing on the determination of absolute temperatures of the

aragonite-calcite transformation.

Data of the present study are not sufficient to evaluate differences associated with the use of

the large furnace and the use of the small heating stage connected to the CRM. Further
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analyses are needed to investigate the potential influence of the volume of heated space on the

thermal reactions due to, for example, air flow and temperature stability. Certainly, the possi-

bility of real-time measurements together with the high-precision temperature control are

major advantages favoring the CRM heating plate. However, for prolonged experiments (> 48

hours), the use of furnaces may be preferred.

5. Conclusions

The thermally-induced dry diagenetic alteration of P. turbinatus shell occurs between ca. 250

and 400˚C. Initially, organics are degraded and water and CO2 are released inducing distortion

of the aragonite crystal lattice. These major structural changes provide the prerequisite for the

nucleation and growth of calcite crystals. The newly formed calcitic structures closely resemble

the ones of the original phase, indicating the topotactic nature of the solid-state aragonite-to-

calcite transformation process. Even though the same mechanism is maintained, this process

develops in the absence of uniformity across the shell. The transformation starts at first in the

black portion of the OSL, expanding to the white portion of the OSL and finally to the ISL

(nacre). Such heterogeneous response is likely related to the organic content of the different

shell portions. Similarly, the transformation rate differs among the OSL (slow) and ISL (fast)

according to the arrangement of the structures controlling the growth of the calcite crystals.

Due to the complex response of the shell to diagenesis, the structural / chemical / mineral-

ogical analysis of shell fragments requires utmost care. To obtain robust and reproducible

data, consistency is a fundamental requirement in the selection of the shell portions for any

structural or geochemical analysis.

Acknowledgments

We would like to thank Dr. Amy Prendergast for providing the shell material used in this

study. Thanks to the anonymous reviewers for their constructive comments that greatly

improved the quality of the manuscript.

Author Contributions

Conceptualization: Stefania Milano, Gernot Nehrke.

Data curation: Stefania Milano.

Formal analysis: Stefania Milano, Gernot Nehrke.

Investigation: Stefania Milano.

Methodology: Stefania Milano, Gernot Nehrke.

Supervision: Gernot Nehrke.

Validation: Gernot Nehrke.

Writing – original draft: Stefania Milano.

Writing – review & editing: Gernot Nehrke.

References

1. Carter JG, Clark GRI. Classification and phylogenetic significance of molluscan shell microstructure. In:

Broadhead TW, editor. Mollusks, Notes for a Short Course. 1985. pp. 50–71.

2. Marin F, Roy N Le, Marie B. The formation and mineralization of mollusk shell. Front Biosci S4. 2012; 4:

1099–1125.

Temperature-induced aragonite-to-calcite transformation in mollusk shells

PLOS ONE | https://doi.org/10.1371/journal.pone.0204577 October 17, 2018 16 / 20

https://doi.org/10.1371/journal.pone.0204577


3. Hubbard F, McManus J, Al-Dabbas M. Environmental influences on the shell mineralogy of Mytilus edu-

lis. Geo-Marine Lett. 1981; 1: 267–269. https://doi.org/10.1007/BF02462445

4. Nehrke G, Poigner H, Wilhelms-Dick D, Brey T, Abele D. Coexistence of three calcium carbonate poly-

morphs in the shell of the Antarctic clam Laternula elliptica. Geochemistry, Geophys Geosystems.

2012; 13. https://doi.org/10.1029/2011GC003996

5. Lowenstam HA, Weiner S. On biomineralization. New York: Oxford Press; 1989.

6. Dashkovskiy S, Suhr B, Tushtev K, Grathwohl G. Nacre properties in the elastic range: influence of

matrix incompressibility. Comput Mater Sci. 2007; 41: 96–106. https://doi.org/10.1016/j.commatsci.

2007.03.015

7. Merkel C, Deuschle J, Griesshaber E, Enders S, Steinhauser E, Hochleitner R, et al. Mechanical prop-

erties of modern calcite- (Mergerlia truncata) and phosphate-shelled brachiopods (Discradisca stella

and Lingula anatina) determined by nanoindentation. J Struct Biol. Elsevier Inc.; 2009; 168: 396–408.

https://doi.org/10.1016/j.jsb.2009.08.014 PMID: 19729068

8. Wheeler AP. Mechanisms of molluscan shell formation. Calcification in Biological Systems. 1992. pp.

179–216.

9. Smith BL, Schaffer TE, Viani M, Thompson JB, Frederick N a, Kindt J, et al. Molecular mechanistic ori-

gin of the toughness of natural adhesives, fibres and composites. Nature. 1999; 399: 761–763. https://

doi.org/10.1038/21607

10. Marin F, Marie B, Hamada S Ben, Silva P, Roy N Le, Wolf SE, et al. “Shellome”: proteins involved in

mollusc shell biomineralization–diversity, functions. Recent Adv Pearl Res. 2013; 149–166. Available:

http://hal.archives-ouvertes.fr/hal-00793668/

11. Jones DS. Sclerochronology: reading the record of the molluscan shell. Am Sci. 1983; 71: 384–391.
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66. Dauphin Y, Cuif JP, Salomé M, Susini J. Speciation and distribution of sulfur in a mollusk shell as

revealed by in situ maps using X-ray absorption near-edge structure (XANES) spectroscopy at the S K-

edge. Am Mineral. 2005; 90: 1748–1758. https://doi.org/10.2138/am.2005.1640

67. Dauphin Y, Cuif JP, Massard P. Persistent organic components in heated coral aragonitic skeletons-

Implications for palaeoenvironmental reconstructions. Chem Geol. 2006; 231: 26–37. https://doi.org/10.

1016/j.chemgeo.2005.12.010

68. Putnis A. Mineral replacement reactions: from macroscopic observations to microscopic mechanisms.

Mineral Mag. 2002; 66: 689–708.

69. Perdikouri C, Piazolo S, Kasioptas A, Schmidt B, Putnis A. Hydrothermal replacement of aragonite by

calcite: interplay between replacement, fracturing and growth. Eur J Mineral. 2013; 25: 123–136.

https://doi.org/10.1127/0935-1221/2013/0025-2261

Temperature-induced aragonite-to-calcite transformation in mollusk shells

PLOS ONE | https://doi.org/10.1371/journal.pone.0204577 October 17, 2018 19 / 20

https://doi.org/10.1063/1.460649
https://doi.org/10.1093/mollus/eyu033
https://doi.org/10.1093/mollus/eyu033
https://doi.org/10.1016/S0990-7440(03)00022-6
https://doi.org/10.1180/minmag.2008.072.1.243
https://doi.org/10.1180/minmag.2008.072.1.243
https://doi.org/10.1016/j.jsb.2016.07.016
http://www.ncbi.nlm.nih.gov/pubmed/27456365
https://doi.org/10.1021/nl049962k
https://doi.org/10.1021/nl049962k
https://doi.org/10.1016/j.biomaterials.2005.03.028
http://www.ncbi.nlm.nih.gov/pubmed/15907339
https://doi.org/10.1038/ncomms10097
https://doi.org/10.1038/ncomms10097
http://www.ncbi.nlm.nih.gov/pubmed/26631940
https://doi.org/10.1016/j.jsb.2013.07.014
https://doi.org/10.1016/j.jsb.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23933391
https://doi.org/10.1557/jmr.2006.0239
https://doi.org/10.1103/PhysRevLett.102.075502
http://www.ncbi.nlm.nih.gov/pubmed/19257685
https://doi.org/10.1029/2004GC000783
https://doi.org/10.1002/(SICI)1097-4636(1999)48
https://doi.org/10.1002/(SICI)1097-4636(1999)48
http://www.ncbi.nlm.nih.gov/pubmed/10490692
https://doi.org/10.1039/b710974a
https://doi.org/10.1016/j.msec.2009.02.007
https://doi.org/10.2138/am.2005.1640
https://doi.org/10.1016/j.chemgeo.2005.12.010
https://doi.org/10.1016/j.chemgeo.2005.12.010
https://doi.org/10.1127/0935-1221/2013/0025-2261
https://doi.org/10.1371/journal.pone.0204577


70. Gomez-Villalba LS, Lopez-Arce P, Alvarez de Buergo M, Fort R. Atomic defects and their relationship

to aragonite-calcite transformation in portlandite nanocrystal carbonation. Cryst Growth Des. 2012; 12:

4844–4852.

71. Pokroy B, Quintana JP, Caspi EN, Berner A, Zolotoyabko E. Anisotropic lattice distortions in biogenic

aragonite. Nat Mater. 2004; 3: 900–902. https://doi.org/10.1038/nmat1263 PMID: 15543151

72. Carlson WD, Rosenfeld JL. Optical determination of topotactic aragonite-calcite growth kinetics: Meta-

morphic implications. J Geol. 1981; 89: 615–638.

73. Pokroy B, Fitch AN, Marin F, Kapon M, Adir N, Zolotoyabko E. Anisotropic lattice distortions in biogenic

calcite induced by intra-crystalline organic molecules. J Struct Biol. 2006; 155: 96–103. https://doi.org/

10.1016/j.jsb.2006.03.008 PMID: 16682231

74. Dauphin Y, Cuif JP, Mutvei H, Denis A. Mineralogy, chemistry and ultrastructure of the external shell

layer in ten species of Haliotis with reference to Haliotis tuberculata (Mollusca: Archaogastropoda). Bull

Geol Institutions Univ Uppsala. 1989; 15: 7–38.
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