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ABSTRACT. Fish otoliths pose increasing interest due to their potential  
of rendering information about environmental changes, underlined in their 
non-linear time-dependent biogenic crystal growth. Otoliths are acellular, 
metabolically inert and continuously grow in a complex process which still 
needs to be understood. In the present work confocal Raman micro-
spectroscopy (CRM) and imaging is employed to investigate the growth 
pattern in otoliths from Sparus aurata of Mediterranean provenance. CRM 
signal acquired from otolith sagittal section is exploited to associate it with 
the periodic growth increments denoted as rings. Raman signal collected 
from the core to the margins with micrometer spatial resolution invariably 
revealed characteristic signal of aragonite. Relative intensity variability was 
observed particularly for the lattice modes, indicating changes in crystalline 
orientation relative to incident laser. Bands associated with organic fraction 
were absent in the 90-1840 cm-1 spectral range. Daily growth rings were 
further studied using the Raman mapping of main aragonite bands intensities at 
1083, 704 and the lattice modes in the 100-350 cm-1 range. The spectral 
intensity pattern closely follows the daily growth pattern. Traces of toxic or 
heavy metals incorporated in biogenic carbonate mineral were spuriously 
detected in the mapped areas, according to the position and width of the 
Raman bands of witherite (BaCO3), strontianite (SrCO3), along with the main 
aragonite and trace of its calcite polymorph.   
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INTRODUCTION 
 
 Otoliths are crystalline CaCO3 biominerals with a small fraction of 
organic matrix, located in the inner ear of vertebrates. They serve as a 
balance organ for equilibrium and contribute to hearing [1], [2]. Fish otoliths 
are increasingly investigated due to the potential correlation of their lifetime 
development with the environmental changes they encountered. Defined as 
opaque zones delimiting the translucent ones, the otoliths growing rings 
provide valuable tool for the fish age determination. The use of otoliths as 
chronometric structures to track the recorded environmental conditions along 
the organism life-time is still in its infancy. However, increasing number of 
Raman spectroscopy studies already refer to the otolith sclerochronology as 
valuable tools for tracking environmental changes [3-4], employing the 
characteristic Raman signature of calcium carbonate polymorphs [5] which 
could occur in otoliths complex biomineralization process. Their growth pattern is 
composed of a number of concentric rings with different radii. Depending on 
the amount of organic material in each shell or zone, its appearance will vary 
from extremely opaque to complete hyaline (transparent) with the first zone 
being the nucleus (core) of the otolith. These zones are also called growth 
rings [4]. Previous Raman studies showed that the characteristic polymorph 
of calcium carbonate biomatrix, present in otoliths, is aragonite with the typical 
Raman vibration modes 1 (1085 cm-1) and 4 (701 cm-1 and 705 cm-1) as well 
as lattice modes (8 bands between 142 cm-1 and 282 cm-1) [3, 6]. Moreover, 
some studies have reported two different CaCO3 crystalline structures, aragonite 
and vaterite, in the otoliths of different fish species [7] [8] [9], which can differ 
dramatically in their trace elemental composition [10, 11]. Some of the studies 
reported the coexistence of three polymorphs of calcium carbonate (calcite, 
aragonite, vaterite) in the shell of Antarctic bivalves having the same growing 
pattern (rings) as fish otoliths [12]. Gauldie et al (1997) [13] reported first vaterite 
polymorph signature in the low wavenumber range of the micro-Raman 
spectra of otoliths core from the coho salmon Oncorhynchus kisutch  (Teleostei: 
Salmonidae) and highlighted the aragonite nature of the otolith first ring.  
On the other hand, the polymorphs of calcium carbonate may interfere with 
other, mixed carbonate minerals, whose Raman analysis relies on correct 
interpretation of the specific lattice modes [14, 15]. Furthermore, strict similarity 
of the biogenic with geogenic mineral Raman feature must be treated with 
caution, since their environment and mechanism of formation is different. 
Wehrmeister et al (2010) showed that the structure of vaterite contains three 
crystallographic independent carbonate groups and similar carbonate group 
layers, and firstly assigned a band at 263 cm−1 to vaterite [16].  
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 The aim of the current study is to probe the potential of the confocal 
Raman micro-spectroscopy (CRM) technique for detailed investigation of 
otolith morphology and growing pattern in Mediterranean Sparus aurata and 
to probe the versatility of the Raman technique to upscale the study for larger 
otoliths groups. Optimized conditions for screening would generate robust Raman 
data which could be further exploited for any correlation with environmental 
conditions encountered during fish otoliths lifetime period.  
 
 
RESULTS AND DISCUSSIONS 
 

From the larger set of otoliths, we randomly selected one as subject 
for the present detailed study, as a prerequisite for the forthcoming comparative 
Raman analyses of otolith sets. The investigated otolith fragment is shown in the 
Figure 1 along with the optical micrographs taken with the Raman microscope in 
transmission  (b)  and direct illumination (c) using a 20x objective (NA 0.35).  
 

 

Figure 1. Photo-stitch of the otolith fragment in sagittal section (a), together with 
the light microscopy images taken with the Raman microscope in transmission (b) 
or direct illumination (c), using a 20x objective. Scale bars: 400 µm (a) and 50 µm 
(b and c). 

 
A series of CRM spectra presented in the Fig. 2 acquired from otolith 

along a line starting from core toward edge, with a 50 µm step and 
corresponding to the growing direction, indicated by the orientation of the 
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micro-crystallites, clearly depict aragonite as the main mineral component of 
the otolith across its sagittal section. These spectra were collected using the 
lowest magnification objective available (5x, NA 0.12). We noted lower 
background of the recorded signal when higher magnification objectives are 
employed. However, for gross screening of the whole otolith while preserving 
the screening line direction, the 5x objective was optimal. Bearing in mind that 
high background in the Raman spectra could potentially masque additional, low 
intensity bands from other trace minerals, further analysis is devoted later. 

 

Figure 2. 3D display of the normalized, background subtracted CRM spectra 
collected along a line direction starting from otolith core toward edge with a 50 µm 
step. Excitation: 532 nm, 5x objective (NA 0.12). 

 
In geogenic aragonite, the unit cell of crystalline orthorhombic aragonite 

comprises 20 atoms (four fomula units in a crystalline cell). Its 57 vibrational 
modes are classified [19] according to the irreducible representations of point 
groups theory, as follows:  

 total = 9Ag + 6Au + 6B1g +  8B1u +  9B2g + 5B2u +6B3g + 8B3u. 

The g (gerade) modes are all Raman active while u (ungerade) modes 
are IR active, with the exception of Au modes, which are silent [19]. Thus, Raman 
spectrum of aragonite is expected to show 30 fundamental modes. However, 
due to the fact that many of the vibrational modes are of very weak intensity, it is 
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extremely difficult to detect experimentally all the active modes [19], particularly 
in natural samples. In synthetic aragonite [13] the lattice modes detected in 
Raman spectra were reported at 113 (w), 142 (s), 153 (s), 180 (w),190(w), 206 (m), 
242 (w), 261 (w), 284 cm-1 (w), the symmetric stretching mode 1 at 1085 cm-1 
(vs), the 3 at 1462 (w) and 1574(w) and the 4 at 701(s) and 705 cm-1 (m). 
Table 1 summarized the observed Raman bands in otolith core and first ring, 
in comparison with the reported Raman data of geogenic aragonite [18, 19] 
calcite [19], vaterite [17] and two other minerals from the aragonite group, 
witherite [14] and strontianite [17], along with their assignment.  

 
Table1. The Raman bands observed in spectra collected from otolith core and 
first ring along with the characteristic bands of geogenic aragonite polymorphs 
(calcite, vaterite) and other carbonate minerals from aragonite group, witherite, 
(BaCO3) or strontianite (SrCO3) 

Otolith 
Core 

Otolith 
1st ring

Aragonite 
[19] 

Aragonite
[18] 

Calcite
[19] 

Vaterite
[17] 

Whiterite
[14] 

Stronitianite 
[17] 

Assignment 
(Symmetry) 

[19] 

1461 
1457 
1571 

1462.2 
1573.9 

1463 
1576 

1435.8  1420 1445 3 (B1g) 

1083 1081 
1085.3 

 
1085 

 
1086.2 

 
1080 
1090 

1059 1071 1  (A1g) 

    853.3 853     2 (Ag) 

685  

701.8 
706.1 
717.1 

701 
705 
716 

 
 

712.4 

 
 
 
 
 
 

739 
749 

690 
699 

510 
710 

4 (Ag) 
(B2g) 

690  

699 700 

704 704 

716 714 

727  

731  

  113.5 115 

154.9 
281.2 

106 
206 
265 
299 

100 
135 
153 

179.67 
224.9 

148 
180 
214 
236 
244 
258 

Lattice 
Modes 

 

  125 125 

  142.9 145 

152 153 153 155 

  162.2 164 

180 180 180 182 

  190.7 192 

206 206 206.3 208 

  214.7 216 

  225.5  

 247 248.3 250 

 260 260.1 263 

  272 274 

  283.6 285 
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The strong aragonite signal in the otolith (Fig. 2) was identified by the 
presence of the symmetric stretching mode of the carbonate 1 at 1083 cm-1 
and the 4 vibrational mode at 701 and 704 cm-1 as well as lattice modes in 
the low wavenumbers region: 152, 180 and 206 cm-1. The aragonite signal has 
proved to be the strongest along the entire scan line with apparent traces [14] of 
other calcium carbonate polymorphs, while the organic matrix was not detectable 
using the 5x objective (NA 0.12) for excitation and collecting optics in 1 s 
acquisition.  

Taking a closer microscopy look while taking Raman spectra with higher 
magnification objectives, such as 20x (NA 0.35) or 100x (NA 0.9), respectively, 
subtle details have been observed on much lower background. The spectral 
details as showed in the Figure 3. Micro-Raman spectra collected from the first 
ring of otolith using three different objectives, 5x, 20x and 100x respectively, are 
showed in the Fig. 3 a)  in comparison with the Raman spectra from RRUFF 
database of geogenic aragonite (RRUFF ID: R080142), calcite (RRUFF ID: 
R150075) and strontianite (RRUFF ID: R040037). Their spectra showed subtle 
differences, particularly in the lattice modes range (50-300 cm-1), and in the main 
stretching modes around 1083 and 704 cm-1. Spectral details are highlighted 
in the Fig. 3 b, c and d, which allowed us to argue that trace of calcite, witherite 
and strontianite could be present [14]. In addition, the main Raman stretching 
mode at 1083 cm-1, which is slightly shifted from those of geogenic aragonite 
observed at 1085 cm-1, showed a narrower band for the otolith core than for 
the first ring. The shoulder at 1077 cm-1 (Fig. 3 b)  slightly higher in spectrum 
from the first ring than that from the core, and further different from that of 
geogenic aragonite, may suggest the presence of other carbonate mineral, 
such as strontianite (amorphous calcium carbonate was excluded, due to the 
clear evidence of the lattice modes). Zoom of the 680-740 cm-1 spectral 
range (Fig. 3 d) revealed aragonite modes at 704 cm-1 with additional weak 
band (shoulder) at 700 cm-1, and other weak bands, potentially indicating 
calcite and witherite traces [14]. In the lattice modes region (Fig. 3 c) subtle 
differences among biogenic and geogenic aragonite are observed; the band 
at 180 cm-1 could be attributed to either aragonite or to a certain mixture of 
different carbonates [14]. Strontianite (Sr 0.91 Ca 0.09)CO3 exhibited main 
Raman band at 1077 cm-1 while in the lattice modes range it shows bands at 
150 (strong) and 183 cm-1 (weak) which are overlapped with the aragonite 
lattice modes. Therefore, in an aragonite crystalline matrix, trace of Sr to replace 
Ca ions is difficult to reveal via Raman spectroscopy although the shoulder at 
1077 cm-1 may suggest strontianite trace presence. Moreover, the 699 cm-1 
mode of witherite [14] or strontianite [15] could be responsible for the observed 
shoulder in the 4 Raman mode of aragonite centered at 704 cm-1 (Fig. 3). 
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Figure 3. Micro-Raman spectra collected from the otolith in the optical region of 
the first yearly ring, using three different objectives, as indicated (a), in comparison 
with the geological aragonite (red, RRUFF ID: R080142), calcite (blue, RRUFF 
ID: R150075), strontianite (magenta, RRUFF ID: R040037) and witherite (green, 
RRUFF ID: 040040); (b) zoom of the main stretching mode at 1083 cm-1 showing 
narrower band for the otolith core than for the first ring; (c) lattice modes highlighting 
subtle differences among Raman signal of biogenic and geologic aragonite; (d) spectral 
zoom of the characteristic mode of aragonite at 704 cm-1 with additional weak bands 
potentially indicating calcite / strontianite trace; Excitation: 532 nm. Otolith spectra from 
(b, c, d) are collected with 20x objective. 

 
 
The presence of a weak band at 690 cm-1 suggests the presence of barium 
carbonate (witherite) [14]. The supposition is further sustained by the preliminary 
scanning electron microscopy and energy dispersive X-Ray analyses (SEM-
EDX) preliminary data (not shown here) on the otoliths set (manuscript in 
preparation), although the Sr trace randomly appeared at 0.2 Wt%, thus, at the 
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limit of EDX detection. The Raman spectra obtained with higher magnification 
objectives, describes a smaller area with better focus on the otolith saggital 
section surface and the presence of the new bands could be attributed to 
different crystal orientations or to the trace presence of other carbonates in 
that spot. Potential accumulation of heavy or toxic metals from environment 
at a certain moment of the fish otolith evolution is random and could result in 
random deposit of carbonate mineral with replaced calcium by the respective 
metal. Powdering the whole otolith for X-ray powder difraction (XRPD) would 
be an alternative solution for analysis, provided that the trace metal form other 
carbonate minerals is sufficient for the XRPD detection limit. The drawback of 
such analysis is the complete loss of  the spatial location to track  the moment (or 
ring age) the event occurred during the fish lifetime. Another isssue related 
to the fish age and the counting rings is connected to the non-linear growth 
and development of the otolith, where plethora of factors can compete.  

Choosing appropriate optics, vaterite trace could be presumably detected 
according to the weak bands observed at 263 cm-1 [16], although the main 
vaterite bands at 740-750 cm-1 as well as the split of the main 1 mode of 
carbonate is rather expected for typical vaterite polymorph presence. However, 
the major bands of vaterite were absent in the recorded spectra, sugesting its 
absence or trace occurence (vaterite being a metastable polymorph of calcium 
carbonate) compared to other dminant minerals. Also, the presence of other 
cations may promote the formation of the aragonite crystals. [17] 

The daily rings or increments have been Raman mapped following the 
fast streamline imaging and signal-to-baseline criteria of the Wire 3.4 software. 
An area of 260 m x 96 m has been selected over the light microscopy image 
of the otolith viewed with the 20x objective. A scan step of 4 μm was used, 
resulting 65x24 pixels with distinct spectral information from 1560 spectra. For 
map analysis, signal-to-baseline criteria for representative modes of aragonite 
(696-707 cm-1, 240-265 cm-1), calcite (279-285, 712-716 cm-1), strontianite 
(1073-1079 cm-1) distribution have been selected. Further, overlay maps were 
generated. 

Examination of the mapping results (Fig. 4) in terms of Raman intensity 
distribution over the selected area provides an overview of the  chemical and 
crystalline composition. The intensity distribution over the mapped area showed 
consistent feature supporting aragonite main component but trace of calcite 
and strontianite could be detected. Mapping over the main Raman mode at 
1083 cm-1 resembled similar  distribution feature. The fact that the growth rings 
are visible both in optical microscopy images and in Raman maps is a clear 
sign that the Raman signal intensity is strongly correlated to certain activity 
patterns of the daily rings fish development. The maps clearly show an alternation 
of minima and maxima in all cases which can be linked to the activity of the  
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Figure 4. Raman mapping of otolith increments or “daily rings” following the 
signal-to-baseline criteria, as indicated in each map for trace of calcite (weak band 
between 712-716 cm-1, top left), aragonite-strontianite (lattice modes - top right), 
v4 mode - midde left), aragonite lattice modes (middle, right), trace of strontianite 
(1077 cm-1 bottom right) and all the overlapped images (bottom left).  

 
 
fish on a daily cycle. The Raman intensity variation patterns follows the opacity 
patterns from light microscopy. The more intense color zones represeting 
areas with highest signal-to-baseline, suggest more deposited, highly ordered 
crystalline material and dark zones areas with less crystalline deposited material. 
This feature clearly suggests non-uniform otolith crystal growth which may be due 
to the genetic factors, water chemistry, temperature, migration habits, depth, 
and other variable conditions occuring in fish environment. Otolith spectroscopic 
data and their correlation in fish populations still needs to be understood. For such 
approaches, Raman versatility seems to be optimal for fast tracking  information 
on the otolith gowth patterns. 
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CONCLUSIONS AND OUTLOOK 
 
 The current study provides additional insight into the Raman spectroscopy 
of otoliths and the dependencies of the Raman spectral  features on the selected 
optics for otolith screening. Confocal Raman micro-spectroscopy is suitable for 
tracking the otoliths development and potential heavy or toxic metals intake in 
chemical composition. Thus, Raman techniques proved to be important tools for 
tracing biomineralization. An integrated, larger study on otolith sets from similar 
species and habit could use the present results for comparative Raman analysis. 
For long term, we aim to probe the correlation of otolith morphology and composition 
revealed from Raman data with environmental parameters. Further environmental 
changes could be potentially tracked according to the otoliths spectral 
characteristics, provided that robust data sets are available. Understanding the 
effects of environmental factors on the chemical composition and structure of otoliths 
could be very useful in the field of fisheries science, biomineralization or 
sclerochronology. Their use in reconstructing fish migratory paths or in analyzing 
population structure could prove to be very important in future approaches. 
 
 
EXPERIMENTAL 
 

Materials 

One otolith was randomly selected from a stock of 16 adults of gilthead 
sea bream, Sparus aurata, collected from four locations in the eastern Adriatic 
Sea during 2017 (open sea, coastal waters, estuary and aquaculture rearing 
cages). The studied otolith is from a female captured from estuary area of 
Novigrad - Karinsko Sea, (Zadar County, Croatia), weighting 274 g and 27 cm in 
length with an estimated age of 2.5 years. For standardization purposes, the left 
sagittae were systematically considered. The otoliths were washed in 30% 
hydrogen peroxide solution for 2-4 minutes and rinsed in distilled water. Samples 
were then cleaned in an ultrasonic bath (SONOREX SUPER RK 103 H) for 
2 minutes and left to air-dry. Epoxy resin (MEGAPOXY H) was prepared by 
mixing three parts of resin and one part of hardener. These two components were 
stirred together for 2-3 minutes until the mixture changed color to translucent. 
The otoliths were embedded in the molds which were lightly coated with Struers 
Silicone and they were left to dry in the fume cupboard for one day. 

Isomet low-speed diamond bladed saw was used for preparing otolith 
section. Saw was fitted with two blades separated by a spacer (500 µm), 
producing a 400-500 µm otolith thin section. Each thin section was carefully 
grounded with Struers Labopol-5 using Struers wetted silicon carbide paper 
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(4000 grit) at the speed of 50 rpm. Thin sections were then polished using a 
soft cloth sprayed with diamond paste (3 µm) and washed again in ultrasonic 
bath for 2 minutes.  

Stitched photography of otolith section has been achieved using a 
series of images taken with a ZEISS microscope equipped with AXIO camera and 
ZEN 2 (blue edition) program. Stitched image has been obtained with Image-Pro 
Premier 9.1 software. All sections (core and growth marks) were observed via 
optical microscopy. Opacity data were acquired on transects from the core 
to the ventral edge with black areas corresponded to opaque zones. 

Methods 

Confocal Raman spectra were acquired using a Renishaw InVia 
Confocal Raman System and a Cobolt DPSS laser emitting at 532 nm. During 
Raman microscopy the, 5X (NA 0.12 WD 13.2 mm), 20X (NA 0.35, WD 2 mm) 
and 100X (NA 0.9, WD 3.4 mm) collecting objectives were used with theoretical 
spatial resolutions of 2.7 µm, 0.927 µm and 0.36 µm respectively, and for single 
spectra acquisitions at controlled distances from otolith core, the acquisition 
parameters were 1 s, 1 acquisition, 200 mw laser power. An edge filter has been 
employed to record spectra in the 90-1840 cm-1 spectral range with 0.5 cm-1 
resolution. Signal has been detected using a Rencam CCD and data acquisition 
and processing has been achieved with WIRE 3.4 and Origin 8.1 software. 
Micrographs of the morphological details have been acquired along with 
spectral data acquisition using the video image facility of the WIRE software. 
Yearly growing rings have been observed via optical microscopy before Raman 
measurements and subtle incremental rings have been observed and mapped 
using the “signal-to-baseline” or “intensity-at-point” options of the Wire 3.4 
mapping software. 
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