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Abstract: Patella vulgata shells preserve geochemical and structural variations that can
provide insights into past environmental conditions. Their composition, primarily calcium
carbonate with organic residues from the biomineralization process, is influenced by
external factors, such as sea surface temperature. Raman spectroscopy has emerged as a
rapid, non-destructive tool for studying biogenic carbonates, enabling the identification of
crystalline phases, organic components, and ion distribution. In this study, Raman imaging
was applied to six shell sections of P. vulgata live-collected from Langre Beach in Cantabria,
Spain. Spectral data were acquired using a Raman probe with a 532 nm excitation laser,
providing high-resolution mapping of structural and compositional features. The analysis
revealed spatial variations in mineralogy, organic matrix distribution, and ion incorporation
in the calcium carbonate lattice, suggesting patterns originating during shell formation.
Notably, the results suggest a consistent relationship between the organic and mineral
components of the shells, with carotenoid distribution and carbonate ion substitution in
the calcium carbonate lattice following similar growth patterns. These findings highlight
the potential of Raman spectroscopy for studying biomineralization processes and the
environmental records preserved in marine mollusk shells.

Keywords: mollusk shells; Patella vulgata; Raman imaging; trace elements; spectroscopy

1. Introduction
Mollusk shells are complex biomineralized structures composed primarily of calcium

carbonate (CaCO3) and a minor organic matrix of proteins and polysaccharides [1,2]. The
organic matrix plays a critical role in regulating crystal nucleation and growth by inter-
acting with dissolved ions, thereby directing the formation of specific mineral phases [3].
In addition to their structural and protective functions, mollusk shells serve as valuable
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environmental archives, as their mineralogical composition is influenced by genetic and en-
vironmental factors, including seawater temperature and ion availability [4]. Because shell
deposition is controlled by both biological and environmental processes, these structures
preserve essential information about the conditions at the time of their formation, making
them indispensable proxies in fields, such as paleoceanography and archaeology [5,6].

Among marine mollusks, Patella vulgata (common limpet) has received particular
attention due to its widespread distribution in intertidal zones and frequent occurrence in
archaeological sites [7]. The growth of P. vulgata shells is influenced by seasonal variations
in environmental conditions, rendering them useful indicators for reconstructing past
climates [8,9]. Moreover, the distribution of mineral phases and trace elements within
these shells provides insight into both their biomineralization processes and the external
conditions during their formation [10,11].

Biogenic calcium carbonate occurs in several polymorphs, with aragonite and calcite
being most common in molluscan shells. These minerals exhibit distinct physical and
crystallographic properties, which include variations in density, solubility, and mechanical
strength [12,13]. Both polymorphs coexist within a single shell, organized in layers or
microstructural units (e.g., nacreous or prismatic layers) [12]. The formation pathways
leading to aragonite versus calcite depend on biological regulation within the mantle,
environmental conditions such as temperature and carbonate ion concentration, and the
presence of trace elements that can stabilize one form over the other [14].

In addition to calcium carbonate, mollusk shells contain organic pigments, such as
carotenoids, which contribute to their distinctive colors and patterns [15]. The nature and
distribution of these pigments can vary within or between species, influenced by both
genetic factors and local habitat conditions [16]. These colored macromolecules frequently
reside in the organic matrix layers, highlighting the complex interplay between organic
and inorganic components during shell formation [17]. In archaeological contexts, shell
coloration can degrade over time, but remnants of pigments or their degradation products
sometimes persist [18]. Studies on shell pigments have identified variations in spectral
signatures linked to different pigment types, allowing the differentiation of species and
insights into shell formation processes [17,19,20].

Magnesium (Mg) is a common trace element found in marine carbonates and can
significantly affect shell formation. The substitution of Mg2+ for Ca2+ in calcite modifies the
crystal lattice and can favor one calcium carbonate polymorph over another [21]. Environ-
mental factors, such as water temperature, salinity, and Mg/Ca ratios in the local habitat,
influence how much Mg is incorporated into the developing shell [21–24]. Experiments
and analyses of synthetic carbonates indicate that Mg incorporation alters calcite growth
dynamics [25]. Consequently, mapping the distribution of Mg in mollusk shells can reveal
subtle patterns in seasonal growth or environmental change, while also helping to interpret
shell-based proxies [22].

Traditional analytical techniques have contributed significantly to the study of shell
composition but also present certain limitations. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) are complementary techniques for material characterization.
XRD provides the highly accurate and reliable identification of calcium carbonate poly-
morphs but is time-consuming and requires extensive sample preparation [26,27]. SEM
offers high-resolution imaging and detailed surface characterization; however, it does not
directly determine material composition and operates under vacuum conditions [14,28].
Elemental analysis techniques, mainly based on inductively coupled plasma mass spec-
trometry (ICP-MS), are inherently destructive, as they require the extraction of material
along the shell growth axis. Laser-induced breakdown spectroscopy (LIBS), on the other
hand, greatly simplifies sample preparation, but it is still quasi-destructive [29–31]. Stable
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isotope analysis offers valuable environmental and biomineralization insights, but it is
time-consuming and has less spatial resolution [6,32]. In archaeological research, where
sample preservation is crucial, analytical techniques must balance resolution, efficiency, and
non-destructive analysis. However, these methods often involve trade-offs between preci-
sion, resolution, and preservation, with the challenge of obtaining detailed compositional
information while maintaining sample integrity.

Raman spectroscopy is a non-destructive technique that allows for the characterization
of both mineralogical and organic components in mollusk shells [20,33,34]. It is based
on the inelastic scattering of monochromatic light, where molecular vibrations produce
characteristic shifts in the scattered photons, enabling the precise identification of calcium
carbonate polymorphs, trace elements, and organic compounds within the shell matrix [35].
Beyond single-point measurements, Raman spectroscopy enables the construction of high-
resolution spectral maps, allowing the spatial characterization of compositional variations
across different regions of the sample [36]. These maps can be applied to the study of
biomineralization processes and the reconstruction of environmental conditions during
shell formation [37]. Additionally, it requires minimal preparation, making it suitable for
fragile or valuable specimens, particularly in paleontological and archaeological research.
Raman spectroscopy is also compatible with portable devices, offering a versatile tool for
in situ analysis, which is particularly valuable in field studies [38].

Recent studies have demonstrated the power of Raman imaging in biomineral research.
DeCarlo et al. used Raman spectroscopy to investigate marine biocalcification mechanisms
in corals, providing insights into the role of amorphous calcium carbonate (ACC) precursors
in skeletal growth [37]. Nehrke et al. applied Raman mapping to the Antarctic clam Later-
nula elliptica, revealing the coexistence of three calcium carbonate polymorphs (aragonite,
calcite, and vaterite) within its shell [39]. Badou et al. examined calcite–aragonite inter-
faces in Haliotis tuberculata using Raman and FTIR imaging, demonstrating the complexity
of shell mineralization patterns and highlighting variations in mineral phase distribu-
tion between wild and farmed abalones [40]. Similarly, Langer et al. employed Raman
spectroscopy to analyze the shell composition of the limpet Patella caerulea, showing that
individuals exposed to low-pH environments increase aragonite deposition to counteract
dissolution [41]. Stemmer et al. used Raman spectroscopy to map the spatial distribution
of carotenoid pigments in the shell of Arctica islandica, revealing their presence not only
on the surface but also within the growth layers, indicating a potential involvement in the
biomineralization process [36]. These studies underscore the utility of Raman imaging for
investigating shell biomineralization and environmental influences.

This study applies Raman imaging to P. vulgata shells to investigate spatial variations
in mineralogy, organic matrix distribution, and Mg incorporation. By acquiring high-
resolution Raman spectral maps, we aim to characterize the structural and compositional
heterogeneity of these shells, providing insights into their formation processes and environ-
mental significance. Understanding the spatial organization of mineral phases and trace
elements in P. vulgata shells will contribute to improved interpretations of biomineralization
mechanisms and enhance their application as paleoenvironmental proxies.

2. Materials and Methods
This section introduces the growth dynamics and internal structural organization of

P. vulgata shells. It also describes the sample preparation, Raman spectroscopy setup, and
data processing procedure used to extract structural patterns.
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2.1. Growth Variability and Environmental Influence on P. vulgata Shells

P. vulgata is a common intertidal gastropod distributed along the northeast Atlantic,
from Norway to the Iberian Peninsula, including parts of the Mediterranean [42]. It can
tolerate salinities between 20 and 35 psu and withstand air temperature extremes ranging
from −8.7 ◦C to 42.8 ◦C, though shell formation primarily occurs under the more stable
conditions present when submerged [8]. It is characterized by a consistent return to a fixed
resting position (or home scar), promoting localized shell modifications that serve as an
archive of the surrounding environmental conditions [43].

Growth rates in P. vulgata vary considerably, driven by seasonal fluctuations, habitat
conditions, and hydrodynamic forces. Northern populations typically experience peak
growth during early summer, while Mediterranean populations show reduced growth
during the warmest months [8]. Reported growth rates range from as little as 0.005 mm to
as much as 2.6 mm per month, with notable deceleration during winter and under extreme
temperature stress [9,44]. Additionally, shell morphology is strongly influenced by the local
environment. Limpets in high-energy zones develop thicker, flatter shells to resist wave
forces; whereas, those in calmer habitats produce taller, more streamlined shells [43].

Beyond large-scale environmental factors, microhabitat selection and interspecific
competition also influence the distribution and morphology of P. vulgata. Local substrate
characteristics, such as surface roughness and thermal properties, influence attachment
stability and exposure to environmental stress. For example, limpets often settle on barnacle-
encrusted surfaces, which can provide some protection against thermal stress and desicca-
tion [45]. Additionally, competitive interactions with congeners, such as Patella depressa, can
affect spatial distribution and reproductive success, particularly in areas where both species
coexist [46]. These factors contribute to shell growth in different intertidal environments.

2.2. Shell Structure of P. vulgata

The shell of P. vulgata is composed of distinct layers arranged relative to the myos-
tracum (m), the muscle attachment site within the shell structure. Following the nomencla-
ture established by MacClintock (1967), these layers are classified as m + 1, m + 2, m + 3,
etc., extending outward from the myostracum, and m − 1, m − 2, m − 3, etc., positioned
inward toward the shell’s interior [47]. The outermost layers, m + 3 and m + 2, primarily
consist of calcite, while m + 1, m, and m − 1 are composed of aragonite [8,48]. At the very
surface, the shell is covered by the periostracum, a thin protein layer that contains the
pigments responsible for external shell coloration [17]. Additionally, it has been observed
that the thickness of these layers decreases toward the apex of the shell, except for the
innermost layer, which reaches its maximum thickness in this region [48]. The growth lines
visible on the shell surface indicate the progressive deposition of new material, reflecting
the incremental shell accretion. Cross-sectional analysis along the direction of maximum
growth predominantly reveals the m + 2 layer, which is structurally and mineralogically
significant in this species [8,49,50], and its isotopic and elemental composition has been
successfully correlated with paleoclimatic variables [44,51]. Figure 1 shows the organization
of the structural layers in a cross-sectional view of a P. vulgata shell.
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Immediately after collection, the soft tissues were removed, and the shells were cleaned 
by immersion in deionized water for 48 h. They were then air-dried at ambient tempera-
ture, cleaned in an ultrasonic bath for 5 min, and air-dried again to remove any remaining 
organic residues. To ensure precise sectioning, each shell was partially coated with metal 
epoxy resin along the axis of maximum growth (from the anterior to the posterior margin) 
to prevent breakage. The shells were cut in half along the direction of maximum growth 
using a IsoMet low-speed saw (Buehler, Lake Bluff, IL, USA) with a diamond wheel, pro-
ducing clean, thick cross-sections. After sectioning, the metal epoxy resin was removed. 
Figure 2b depicts a schematic representation of the sectioning process along the growth 
direction to avoid growth interruptions. 

Measurements were taken at the lower part of the cross sections, mainly on the m + 
2 and m + 1 layers, according to Figure 1. Figure 2c shows the brightfield images of the 
analyzed shell areas along with their corresponding sample codes: LAN109, LAN112, 
LAN183, LAN229, LAN255, and LAN258. 
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Figure 1. Cross-sectional schematic representation of the shell structure of P. vulgata, showing the
layered arrangement relative to the myostracum (m), with outward layers (m + 1, m + 2, m + 3) and
inward layers (m − 1, m − 2).

2.3. Sample Preparation

Six P. vulgata shells of similar size and preservation were collected from Langre Beach
(Cantabria, northern Spain) between November 2011 and August 2012. All selected shells
measured 31 ± 3 mm along the cross-section axis. Although individual biological differ-
ences can contribute to variability, this sample size was quite suitable to identify repre-
sentative structural and compositional patterns using Raman imaging in P. vulgata shells.
Figure 2a shows the geographical location of Langre Beach and the specific collection site.
Immediately after collection, the soft tissues were removed, and the shells were cleaned by
immersion in deionized water for 48 h. They were then air-dried at ambient temperature,
cleaned in an ultrasonic bath for 5 min, and air-dried again to remove any remaining
organic residues. To ensure precise sectioning, each shell was partially coated with metal
epoxy resin along the axis of maximum growth (from the anterior to the posterior margin)
to prevent breakage. The shells were cut in half along the direction of maximum growth
using a IsoMet low-speed saw (Buehler, Lake Bluff, IL, USA) with a diamond wheel, pro-
ducing clean, thick cross-sections. After sectioning, the metal epoxy resin was removed.
Figure 2b depicts a schematic representation of the sectioning process along the growth
direction to avoid growth interruptions.
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Figure 2. (a) Satellite image of the collection site at Langre Beach, Cantabria, Spain (image created
using Google Maps, © Google 2025). (b) Schematic representation of the sectioning process along the
axis of maximum growth. (c) Brightfield images of the measured areas in the six sectioned shells and
their corresponding sample codes. Scale bars represent 1 mm.

Measurements were taken at the lower part of the cross sections, mainly on the m
+ 2 and m + 1 layers, according to Figure 1. Figure 2c shows the brightfield images of
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the analyzed shell areas along with their corresponding sample codes: LAN109, LAN112,
LAN183, LAN229, LAN255, and LAN258.

2.4. Raman Spectroscopy Measurements

Raman intensity images can be used for providing a detailed view of the mineralogical
composition of cross-sectioned shells, for example highlighting the distribution of aragonite
and calcite. In this study, the analysis was focused on the same region of the transverse sec-
tion in all shells, specifically in the more recent part, without reaching the apex. This region
was selected, because the m + 2 layer is expected to be the longest and offers higher tem-
poral resolution, making it particularly relevant for analyzing structural or compositional
variations over the limpet’s lifetime, as well as transitions with adjacent layers.

Raman spectra were acquired using a custom setup consisting of a QEPRO spectrome-
ter (Ocean Optics, Orlando, FL, USA), an optical probe (Inphotonics, Norwood, MA, USA),
and a 532 nm laser (RGB Laser Systems, Germany). The system was integrated into an
in-house automation platform, incorporating a CCD camera equipped with a 10× objective
lens (0.26 NA, M Plan Apo NIR, Mitutoyo, Kawasaki, Japan) for precise targeting. This
setup provided a spatial resolution of 80 µm. Daily calibration was performed using a
silicon wafer.

Data acquisition and processing were managed using custom software developed in
MATLAB (licensed version R2023a). The spectrometer, used in combination with a 532 nm
excitation laser, covers a Raman shift range of –30 to 2900 cm−1. The spectral resolution
of the system is 11 cm−1. Brightfield images were obtained by stitching multiple fields of
view to cover the measurement area. Automated Raman mapping was conducted with a
step size of 50 µm between measurements. Each Raman spectrum was acquired as a single
1 s measurement at a laser power of 50 mW. Figure 3 provides a schematic overview of the
experimental setup described in this subsection.
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Figure 3. Schematic overview of the experimental setup used for Raman mapping. A 532 nm laser
and a spectrometer are coupled to a Raman probe, while a 10× objective lens and a camera are
used for precise sample positioning and focus control. The sample is mounted on a motorized XYZ
stage, and the entire system is controlled via a custom PC interface developed in MATLAB (licensed
version R2023a).

2.5. Data Analysis

Data processing and analysis were managed through in-house software developed
in MATLAB (licensed version R2023a). First, it is essential to ensure precise estimation
of the Raman bands’ height, central wavelength, and spectral width for accurate spectral
characterization. To this end, a non-linear least-square fitting algorithm to a Gaussian
function was initially implemented. However, due to the iterative and nonlinear nature of
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the fitting method, occasional artifacts were observed in the processed spectra. Additionally,
the computational cost of this approach was high, requiring several hours of processing time
per sample on a standard PC. To address these limitations, two fast, non-iterative algorithms
were explored, the centroid detection algorithm (CDA) and the linear phase operator (LPO).
CDA calculates the center of mass of the Raman peak, providing a computationally efficient
means of determining peak positions with high accuracy [52]. LPO, on the other hand, is a
high-pass spectral filtering technique combined with linear interpolation to estimate the
central wavelength [52]. Both methods were employed to improve peak detection, while
significantly reducing processing time.

With the optical setup, the laser line at 532 nm is highly attenuated but still visible
in the captured Raman spectrum. This allows for the real-time monitoring of potential
laser instability during measurements, with subpixel resolution. Tracking the laser emis-
sion wavelength ensures consistency in spectral calibration, minimizing errors due to
instrumental fluctuations. LPO and CDA were applied in each measurement to verify
laser stability.

The following preprocessing steps were applied to Raman spectra. First, spectra were
cropped to the range of 180 to 2800 cm−1. Next, electronic noise was subtracted to minimize
background interference. Spectra were then examined for saturation levels, and those
reaching the detector’s threshold of 65,000 counts were discarded. To correct systematic
instrumental variations, normalization was performed using a reference spectrum from
a white light source. Baseline correction was then applied using Eilers asymmetric least
squares (ALS), with a smoothness parameter of 50 and an asymmetry parameter of 10−4.
Finally, spectra that did not display the characteristic peak at 1085 cm−1, which corresponds
to the strongest Raman signal of carbonate and should always be present, were removed.
This ensured that only valid spectra were retained for further analysis.

Raman maps were generated from preprocessed Raman spectra to analyze the spatial
distribution of aragonite, calcite, carotenoids, and carbonate ion substitution in the CaCO3

lattice. Specifically, the presence of aragonite and calcite was determined based on the
intensity of characteristic peaks; the 208 cm−1 peak served as an indicator of aragonite,
while the 280 cm−1 peak identified calcite. The sum of the 1130 cm−1 and 1521 cm−1 bands
was used to represent total carotenoid content. This combination provides a more robust
signal under variable conditions, maintains a linear relationship with concentration [53],
and improves the signal-to-noise ratio compared to using either band individually. Intensity
values were expressed in arbitrary units (a.u.), corresponding to the number of detected
events (counts) after preprocessing. Variations in carotenoids were further examined
by analyzing the shift of the 1521 cm−1 band. Finally, carbonate ion substitution in the
CaCO3 lattice was estimated by tracking the shift in the central wavenumber of the ν1

band at 1085 cm−1. LPO and CDA were also applied during this analysis to ensure the
precise determination of peak shifts. All values shown in the maps represent absolute peak
positions. Figure 4 provides a schematic overview of the data preprocessing and analysis
workflow applied in this study.
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Figure 4. Overview of the data preprocessing and analysis workflow used in this study.

3. Results and Discussion
3.1. Laser Wavelength Stability

The stability of the Laser emission wavelength is critical for accurate spectral calibra-
tion and reliable Raman mapping over extended measurement periods. Any variation
in the laser wavelength can cause spectral shifts that may affect the accuracy of the data
collected. To evaluate long-term stability, the central laser wavelength was continuously
monitored over a 25 h measurement. This allowed for the continuous monitoring and
maintenance of the equipment’s stability throughout the experiment. Figure 5 illustrates
the evolution of the laser wavelength using the following two different estimation methods:
CDA (Figure 5a) and LPO (Figure 5b).
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Both methods indicate a gradual wavelength drift of approximately 0.05 nm, confirm-
ing the high stability of the laser source. Despite minor variations, the laser wavelength
remains within a narrow spectral range, minimizing systematic errors in spectral calibration
and ensuring the reproducibility of Raman measurements.

A systematic offset of approximately 0.2 nm is observed between the two estimation
methods, likely due to differences in their mathematical frameworks. Additionally, the
LPO method exhibits minor high-frequency fluctuations, which could be attributed to
its filtering and interpolation process. However, these discrepancies remain within an
acceptable range and do not significantly impact the reliability of the estimations.

Given the consistency in wavelength stability provided by both CDA and LPO, either
method can be confidently used for estimating the central wavelength in Raman spec-
troscopy. The small differences between them will not impact the subsequent analyses, so
their selection does not require further consideration.



Appl. Sci. 2025, 15, 5180 9 of 18

3.2. Raman Band Assignment in P. vulgata Shell

Figure 6 shows the averaged Raman spectrum from a cross-section map of P. vul-
gata shell.
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According to Edwards et al., the strongest peaks that clearly differentiate aragonite
from calcite are at 208 cm−1, exclusive to aragonite, and 283 cm−1, characteristic of calcite,
with only a minor contribution from aragonite [13]. The region around 700 cm−1 can also
be used for differentiation, as aragonite exhibits a doublet at 700–704 cm−1, while calcite
presents a single peak at 711–712 cm−1. However, distinguishing these peaks is often
challenging due to resolution limitations. Furthermore, in the Raman spectra of CaCO3,
the most intense and narrow band corresponds to the symmetric stretching vibration (ν1)
of the carbonate group, occurring at 1085 cm−1 for aragonite and 1086 cm−1 for calcite [40].

Besides carbonate-related peaks, several bands originate from carotenoids. These
pigments exhibit the following four major vibrational modes: ν1 (1450–1680 cm−1), ν2

(1070–1210 cm−1), ν3 (1285–1315 cm−1), and ν4 (1000–1015 cm−1) [34]. In particular, strong
carotenoid peaks appear at 1130 cm−1 and 1521 cm−1, corresponding to the vibrational
modes of conjugated C–C single bonds and C=C double bonds, respectively [15,36]. The
intensities of these bands are enhanced due to resonant coupling with the laser source,
allowing their detection even at low concentrations [54].

The shift of key calcite Raman bands can be influenced by various chemical species
incorporated into the crystal lattice, including substituted ions (Mn2+, Fe3+, Pb2+, Ce3+, etc.),
complex ions, organic molecules, and free radicals [55]. Among these, partial magnesium
substitution is particularly relevant, as it has been demonstrated to affect bands such as the
symmetric stretching mode ν1 (1085 cm−1), which can undergo slight shifts, depending
on the nature of the substitution [13,54]. Several studies have reported a linear correlation
between these shifts and the amount of Mg incorporated into the calcite lattice [33,56].

In addition to the shifts observed in carbonate Raman bands, variations in the spectral
position of carotenoid-related bands have also been reported [15,20,34,35]. These shifts
depend on the number of conjugated carbon atoms in the polyene chain. Longer chains
reduce the energy gap, leading to a shift toward lower frequencies; whereas, shorter chains
result in higher vibrational frequencies due to increased force constants [34].

3.3. Spatial Distribution of Aragonite and Calcite

Figure 7 presents the brightfield images of the six P. vulgata shells alongside their
corresponding Raman intensity maps, showing the spatial distribution of the calcium
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carbonate polymorphs. The aragonite distribution is based on the intensity of the Raman
band centered at 208 cm−1, while the calcite distribution is determined by the intensity of
the Raman band centered at 280 cm−1.
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Figure 7. Brightfield images and Raman intensity maps of aragonite and calcite in transversal shell
sections of P. vulgata. The aragonite and calcite maps are based on the Raman intensities at 208 cm−1

and 280 cm−1, respectively. The color scale represents intensity variations in arbitrary units (a.u.).
These values correspond to detected signal counts after preprocessing, ranging from the lowest values
in blue to the highest values in red. Subfigures are associated with the following shells: (a) LAN109,
(b) LAN112, (c) LAN183, (d) LAN229, (e) LAN255, and (f) LAN258. Each subfigure includes a scale
bar that represents 1 mm.

As shown in Figure 7, both calcite and aragonite are present in the measured regions,
with varying proportions across shells. The distribution of these polymorphs differs among
sections, with some areas displaying a more balanced presence of both minerals; whereas,
others are predominantly calcitic.

According to Section 2.2, the outermost layers, m + 3 and m + 2, primarily consist
of calcite, while m + 1, m, and m − 1 are composed of aragonite. The most noticeable
variation among the shells is the length of the m + 2 layer. In LAN183, LAN255, and
LAN258, this layer is shorter and does not extend as far along the shell. In contrast,
LAN109, LAN112, and LAN229 exhibit a narrower transversal section, where the calcite
layer extends further toward the upper part of the shell. These differences reflect natural
morphological variations among individuals, while preserving the distribution of calcium
carbonate polymorphs.

Environmental factors play a key role in these variations. Factors such as microhabitat
exposure, wave action, and predation pressure influence the mineralization process and the
relative extent of calcite and aragonite layers. A study on P. caerulea investigated the impact
of environmental pH on shell mineralogy, showing that individuals exposed to lower
pH conditions developed a higher proportion of aragonite at the expense of calcite [41].
These findings suggest that limpets can modulate their shell production in response to
external stressors. In addition, the observed variability among P. vulgata shells may reflect
a combination of environmental influences as well as time-dependent processes, like shell
erosion or surface abrasion.
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Despite these differences, the spatial distribution of calcium carbonate polymorphs
observed in the analyzed region of P. vulgata coincides with the patterns described for
P. caerulea [41], reinforcing a shared biomineralization strategy within limpet species.

3.4. Pigment Distribution and Variations

The presence of pigments within the shell matrix provides insights into biomineral-
ization dynamics and potential environmental influences on shell formation. To examine
their spatial organization, Raman intensity maps were generated by analyzing the two
predominant bands associated with carotenoids, 1130 cm−1 and 1521 cm−1.

Figure 8 shows the spatial distribution of carotenoids in P. vulgata shells. These maps
were obtained by summing the Raman intensities of the 1130 cm−1 and 1521 cm−1 bands
to show their distribution across the shell layers.
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Figure 8. Raman intensity maps of pigments in transversal shell sections of P. vulgata. Maps were
obtained by summing the Raman intensities of the 1130 cm−1 and 1521 cm−1 bands, associated with
carotenoid bonds. The color scale represents intensity variations in arbitrary units (a.u.). These values
correspond to detected signal counts after preprocessing, ranging from the lowest values in blue to
the highest values in red. Subfigures correspond to the following shells: (a) LAN109, (b) LAN112,
(c) LAN183, (d) LAN229, (e) LAN255, and (f) LAN258. Each subfigure includes a scale bar that
represents 1 mm.

The Raman intensity maps in Figure 8 reveal a heterogeneous distribution of
carotenoids within the shells. Blue-colored regions, indicating lower intensities at the
1130 cm−1 and 1521 cm−1 bands, corresponding to areas with reduced carotenoid content.
These regions allow the differentiation of growth lines, suggesting that carotenoid incorpo-
ration varies during shell formation. This relationship between carotenoid presence and
growth lines may be influenced by changes in the organic matrix, metabolic processes, or
seasonal factors.

Furthermore, carotenoids are most concentrated in the outermost shell layers, par-
ticularly near the periostracum, while their presence is noticeably reduced in the inner
boundary regions. This pattern is consistent with other mollusks, where pigments are pri-
marily restricted to external layers [36]. However, distribution varies among shells; LAN109
(Figure 8a), LAN112 (Figure 8b), LAN229 (Figure 8d), and LAN258 (Figure 8f) show strong
carotenoid signals in the outer shell, while LAN183 (Figure 8c) and LAN255 (Figure 8e)
exhibit a more diffuse presence. These differences may reflect individual biological or
ecological factors influencing pigment deposition.

In most of the shells analyzed, high carotenoid concentrations led to spectral saturation,
requiring the filtering and exclusion of affected measurements. This effect is caused by
the strong resonance Raman response of carotenoid vibrational modes combined with
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increased fluorescence, which exceeds the detector’s range and results in information loss
due to saturation. This issue is particularly evident in LAN112 (Figure 8b), where missing
spectral points correspond to the outermost shell margin, a region known to exhibit strong
vibrational signals associated with shell coloration [17].

The comparison between Figures 7 and 8 suggests that carotenoid incorporation is
not influenced by aragonite or calcite layers, indicating that their distribution occurs inde-
pendently of mineralogical phases. However, our analysis primarily detects carotenoids
rather than the full organic composition of the shell, as most organic molecules in the shell
matrix do not exhibit a resonance Raman signal. This limitation makes it uncertain how
other organic components are distributed within the shell.

Figure 9 shows the spectral shifts of the 1521 cm−1 Raman band to explore possible
variations in the chemical structure of carotenoids within the shell matrix.
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Raman band. The color scale represents these shifts in cm−1, ranging from the lowest values in blue,
intermediate values in green, to the highest values in red. Subfigures correspond to the following
shells: (a) LAN109, (b) LAN112, (c) LAN183, (d) LAN229, (e) LAN255, and (f) LAN258. Each
subfigure includes a scale bar that represents 1 mm.

The spectral shifts observed in Figure 9 align with the alternation of aragonite and cal-
cite layers identified in Figure 7, suggesting that the mineral phase influences the structural
properties of carotenoids. In contrast, Figure 8 showed that carotenoid intensity does not
follow this pattern, indicating that, while the amount of carotenoid present is independent
of mineral composition, its molecular structure is affected by the mineralization process.
The shifts in the 1521 cm−1 band are attributed to differences in polyene chain length,
functional groups, or cis-/trans-conformations, as reported in other studies using Raman
spectroscopy on molluscan shells [15,34,36].

Notably, the shift patterns in Figure 9 also reveal the same growth lines observed in
Figure 8, particularly in LAN255. These lines are more distinguishable in the calcite layers
(regions with higher shifts, shown in red), making the growth patterns more visible. In
contrast, in the aragonite layers (lower shift regions, shown in blue), these shifts are less
pronounced and do not provide enough differences to clearly distinguish the growth lines.

Therefore, carotenoids are not only located on the outer shell surface but are also
distributed throughout the shell, forming patterns aligned with growth bands, a finding
consistent with previous studies on molluscan shell pigmentation [36,55]. This distribution
suggests a regulated incorporation process during biomineralization, where carotenoids are
secreted alongside the organic matrix and gradually incorporated into the shell. Once em-
bedded within the calcareous skeleton, they become part of the organic matrix, influencing
the organization of shell layers [55]. Thus, beyond providing coloration in the outermost
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layer, this distribution pattern highlights their potential role in shell structural organization,
which is influenced by growth dynamics and environmental conditions.

3.5. Carbonate Ion Substitution in the CaCO3 Lattice

The position of the symmetric carbonate stretching mode (ν1), located around
1085 cm−1, is known to shift as a result of the substitution of additional cations, such
as Mg2+, Mn2+, and Fe2+ [13,40]. These displacements are bidirectional, with wavenumber
shifts toward higher or lower values depending on the ionic radius and charge of the substi-
tuting cation [57]. These wavenumber variations reflect differences in carbonate structure,
suggesting possible chemical heterogeneity within the shell and potential modifications
in the carbonate lattice. In P. vulgata, magnesium is the major contributor [58]. Figure 10
presents spatial maps of the 1085 cm−1 Raman band shift in the same P. vulgata shells
analyzed in the previous subsections.
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Raman band. The color scale represents the shift values in cm−1, ranging from the lowest values
in blue, intermediate values in green, to the highest values in red. Subfigures correspond to the
following shells: (a) LAN109, (b) LAN112, (c) LAN183, (d) LAN229, (e) LAN255, and (f) LAN258.
Each subfigure includes a scale bar that represents 1 mm.

Figure 10 shows that, for well-defined, isolated Raman bands, such as the 1085 cm−1

band, peak positions can be tracked with a precision of about ±0.1 cm−1 using subpixel
peak position algorithms described in Section 2.5.

The 1085 cm−1 Raman band is a characteristic feature of both mineral phases, and the
patterns observed in Figure 10 are consistent with the structural descriptions provided in
Section 3.3. Specifically, regions with lower Raman shift values correspond to aragonite
(blue zones), while areas with higher shift values are associated with calcite (red zones).

Additionally, these shifts subtly reveal structures that follow the same growth lines
observed in Figures 8 and 9. This spatial pattern aligns with carotenoid distributions,
suggesting a relationship between the organic and mineral phases during shell formation.
This supports a temporally and spatially coordinated deposition of organic and mineral
components, consistent with a coupled biomineralization mechanism. Comparable patterns
have been reported in other mollusk species, such as Arctica islandica and L. elliptica, where
carotenoids appear integrated with carbonate domains and aligned with shell growth
structures [35,36]. However, it is important to note that the position of this band alone
cannot be used to determine the type of substituting cation, as its frequency depends solely
on the motion of the oxygen atoms [40].

A comparison between a Mg/Ca analysis performed using LIBS on P. vulgata
shells [24], and the patterns of growth lines observed in Figure 10 reveals notable similar-
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ities. In particular, LAN183 (Figure 10c) exhibits a clear alignment with these variations.
This suggests that their formation is largely influenced by magnesium composition within
the shell and follows a structured distribution; although, a direct link cannot be definitively
established. Although some shift maps occasionally exhibit artifacts, as seen in LAN255
(Figure 10e), that are unrelated to the shell’s growth structure, the growth lines remain
discernible in most specimens.

Interestingly, the same growth lines observed in Section 3.4—Pigment distribution and
variations (Figures 8 and 9) also appear in the carbonate ion substitution patterns; although,
in some shells, they are barely distinguishable, particularly in LAN112 (Figure 10b) and
LAN129 (Figure 10d). In the growth lines region, carotenoid distribution (Figure 8) shows
lower concentrations, while the corresponding shifts (Figure 9) exhibit higher values.
Similarly, the shift of the carbonate Raman band at 1085 cm−1 shown in Figure 10 follows
the same pattern, with high shift values. This suggests a consistent relationship between
the organic and mineral components of the shells.

The spatial correlation between carbonate–ion substitution patterns and growth lines
suggests that mineralization in P. vulgata shells is tightly regulated by biological processes.
Matrix proteins and polysaccharides secreted by the mantle likely mediate the selective
nucleation of aragonite or calcite, stabilizing specific crystal faces and influencing ion
incorporation into the growing lattice [1,3]. Magnesium substitution into the calcite lattice,
detected through Raman shifts, introduces lattice strain due to ionic–radius mismatch, sub-
tly modifying the crystal structure [13,32]. Additionally, carotenoids embedded within the
organic matrix may indirectly influence local crystallization dynamics and, consequently,
shell-layer organization [15,36].

4. Conclusions
In this work, Raman imaging was applied to analyze the structural and compositional

heterogeneity in six P. vulgata shells collected from northern Spain. The results demonstrate
that Raman spectroscopy is a powerful, non-destructive, and highly precise tool for charac-
terizing the spatial distribution of calcium carbonate polymorphs, organic pigments, and
carbonate ion substitutions in the CaCO3 lattice within P. vulgata shells.

The analysis revealed clear spatial variations in mineralogical composition, with
distinct layers of aragonite and calcite that align with the shell’s structural organization.
These findings reinforce the consistency of biomineralization strategies among limpets and
underline the shell’s potential as an environmental archive.

Carotenoids, responsible for shell pigmentation, exhibited heterogeneous intensity
patterns across the shell, which were independent of the underlying mineralogical com-
position but closely aligned with growth dynamics. Furthermore, spectral shifts in the
carotenoid Raman band at 1521 cm−1, corresponding to the vibrational mode of conju-
gated C=C bonds, suggest structural modifications likely associated with changes in the
surrounding mineral phase during shell formation.

In parallel, shifts observed in the symmetric stretching mode ν1 of the carbonate
group (1085 cm−1) suggest substitution processes within the carbonate lattice, most likely
dominated by magnesium incorporation. The spatial correlation between these shifts and
carotenoid distribution points to a coordinated interplay between mineral chemistry and
organic compound deposition during biomineralization.

Although this study examined a limited number of samples, it allowed the identifi-
cation of repetitive and consistent internal structural and compositional patterns using
Raman imaging. Nevertheless, individual differences were also observed, reflecting the
biological differences inherent to living organisms. These differences, however, did not
obscure the main spatial patterns. Inter-individual variability in physiological status and
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genetic background may influence shell geochemistry. Metabolic responses to stress [59]
and genetic variability in biomineralization-related gene expression [60] have been reported
to modulate elemental incorporation during shell formation. Although not explicitly ad-
dressed in the present study, these sources of intra-specimen variability are relevant and
will be considered in future research.

In addition to individual variability, environmental differences across geographic
regions—such as variations in temperature, salinity, or pH—can also affect shell structure
and composition. Future research could explore P. vulgata shells from diverse environ-
mental settings to better understand how external factors influence biomineralization
patterns. Other studies have investigated the relationship between shell geochemistry and
environmental variables, providing useful references for future approaches [61–63]. Com-
parative studies across species, locations, and environmental conditions, as well as analyses
at different growth stages, will provide a broader framework for interpreting structural
and compositional trends. In this context, Raman imaging could be complemented with
techniques such as scanning transmission electron microscopy (STEM) and atom probe to-
mography (APT) to correlate internal shell structure with elemental distribution. Likewise,
analyzing shells at different growth stages could offer insights into the temporal evolution
of mineral composition. Finally, the use of portable Raman systems in the field could
enable non-invasive, real-time analyses directly on archaeological or ecological samples,
expanding the practical applications of this technique.
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Abbreviations
The following abbreviations are used in this manuscript:

ACC Amorphous Calcium Carbonate
ALS Asymmetric Least Squares
CCD Charge-Coupled Device
CDA Centroid Detection Algorithm
FTIR Fourier Transform Infrared Spectroscopy
ICP-MS Inductively Coupled Plasma Mass Spectrometry
LIBS Laser-Induced Breakdown Spectroscopy
LPO Linear Phase Operator
RGB Red–Green–Blue
SEM Scanning Electron Microscopy
XRD X-Ray Diffraction
STEM Scanning Transmission Electron Microscopy
APT Atom Probe Tomography
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