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studies, the present work shows that Raman signal and associated background intensities contain information 
on the average grain size of the calcareous rock under investigation and, for the first time, it explores the 
possibility to achieve corresponding quantitative data. The availability of a method which can allow extracting 
quantitative information on the average grain size from Raman spectra could be very useful for quick assays 
along the whole lime production chain. To explore this possibility, a set of sedimentary calcareous rock 
samples from various Italian quarries were petrographically classified and then subjected to Raman 
spectroscopy (785 nm), along with corresponding pellets and crystalline calcite powder samples. A repeatable 
behaviour of the Raman signal and background intensities on grain and particle sizes were achieved and hence 
the possibility to derive semiquantitative information on the latter from the measurement of the former was 
demonstrated. The encouraging results achieved can be exploitable in the field of the lime industry, as well in 
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Abstract 

In the present work, the intensity variations of the Raman signal and associated background intensities of 
calcareous materials as a function of their grain sizes has been investigated. According to previous literature 
studies, the present work shows that, Raman signal and associated background intensities contain information 
on the average grain size of the calcareous rock under investigation and, for the first time, it explores the 
possibility to achieve corresponding quantitative data. Thus, the availability of a method which can allow 
extracting quantitative information on the average grain size from Raman spectra could be very useful for 
quick assays along the whole lime production chain. To explore this possibility, a set of sedimentary calcareous 
rock samples from various Italian quarries were petrographically classified and then subjected to Raman 
spectroscopy (785 nm), along with corresponding pellets and crystalline calcite powder samples. A repeatable 
behaviour of the Raman signal and background intensities on grain and particle sizes were achieved and hence 
the possibility to derive semiquantitative information on the latter from the measurement of the former was 
demonstrated. The encouraging results achieved can be exploitable in the field of the lime industry, as well in 
a variety of scientific contexts and other material production chains. 

 

Keywords: calcite, Raman spectroscopy, Background intensity, calcareous rock, lime,  

 

1. Introduction 

Raman spectroscopy (RS) is widespread in applied geology to identify mineral phases and to suitably 
address the needs of a large variety of characterization problems in many fields (industry, 
environment, planetary exploration, cultural heritage, life sciences, and other) [1–4]. Semiconductor 
lasers, compact spectrometers, and then handheld Raman tools developed along the last two decades 
have strongly stimulated the exploitation of such a powerful spectroscopic technique to collect 
information on molecular and crystalline structures in situ [5,6].  

Several spectral features and behaviours in Raman scattering of polycrystalline powders and 
aggregates have been reported in the substantial literature on the subject. In particular, the dependence 
of the Raman signal intensity of a given band, IR (background subtracted), on the grain/particle size 
(d) was formerly modelled by adapting the Kubelka-Munk theory [7] to the Raman scattering [8,9]. 
This theory predicts that the scattering coefficient s(d) monotonically decreases, which makes the 
mean free path of the photons, the effective volume sampled, and IR(d) monotonically increasing. 
This behaviour has been experimentally investigated in several works through particle size sorting 
and IR(d) measurements of different powder samples and pellets.  

Such insights have been mainly carried out within the framework of studies aimed at exploring the 
potential of RS in quantifying the modal abundance of minerals components in multimineral powder 
mixtures. This is a challenging goal, which can reasonably be approached, in some extent, only in 
cases where sufficiently controlled particle sizes are involved, such as in pharmaceutical tablets 
[10,11] or other industrial productions (see for example Ca-Mg carbonate aggregates in Kristova [12]) 
and the size dependence is experimentally known. 

According to the literature, the measured behaviour of IR(d) was coherent with the scattering theory 
[8,9] when analysing micro-granular (grinded) silicon, graphite, and coal [13]. Thus, in these cases 



3 
 

the bulk returned the highest IR. However, in some cases the results achieved were apparently in 
contrast with the theory. In particular, a monotonically decreasing behaviour of IR(d) was observed 
when measuring particles of barium, ammonium, potassium, and lithium salts with sizes ranging 
between 110-220 µm, using laser excitation @1064 nm and laser spot diameter to the target dL=300 
µm [14]. 

A similar decreasing behaviour was observed when measuring minerals particles such as sodium 
nitrate, chlorate, and bromate, iron and copper salts (exc. 514.5 nm, dL=400 µm) in the range 100-
600 µm [15], and quartz particles between <40-160 µm (exc. 532 nm, and dL=50 µm) [13].  

More recently, particle size dependence of the [CO3
2−] anion vibration in calcite was investigated 

(exc. 785 nm, dL=100 µm) [16] in the range 3-121 µm. This study showed IR(d) of the main vibration 
(ν1 1086 cm−1) had a pronounced asymmetric maximum around 24 μm, with a rapidly increasing and 
slowly decreasing behaviours to the left and right, respectively. This behaviour was, in some extent, 
confirmed in a very recent work focused on tablets of potassium hydrogen phthalate (exc. 1064 nm, 
dL=50 and 500 μm) [11] of pharmaceutical interest, although the authors also showed that the baseline 
subtraction and spectral normalization data processing considerably reduced the dependence of IR on 
d and only a small signal reduction for the smallest particles size (d< 20 μm) was observed.  

Possible explanations of the origin of the discordant observations mentioned above were discussed in 
Duy et al. [17] (β-lactose, exc. 785 nm, dL=62.5 μm and 6 mm, 38 µm<d<382 µm)) where the crucial 
importance of the field of view and of other optical and material features were underlined in order to 
correctly interpret particle size-induced intensity variations. The behaviour of the background 
intensity, IB(d), was also considered in the latter work and it was characterized as an increasing 
function, like IR(d), which was apparently opposite to the generally monotonically decreasing 
behaviour of IB(d) mentioned in Kristova et al. [13], although none of the mentioned works included 
corresponding plots. 

Raman spectra of minerals might show a not negligible contribution of background intensity (IB) that 
could be due mainly to non-thermal or thermal emissions. Photoluminescence belongs to the former 
and it arises from the presence of inorganic (activators) or organic (fluorophores) activating elements. 
Photoluminescence involves atomic electronic processes or combinations of atoms in the mineral 
structure [18]. Differently, thermal emissions could be due either to the presence of impurities (i.e 
metal ions) which strongly absorb laser excitation wavelength or to textural features of the material 
in terms of grain size, particle packing and mass density which influence the heat capacity and thermal 
conductivity of the material. 

All the mentioned studies were carried out mainly for defining quantitative compositional 
methodologies based on RS, which need preliminary information on particle sizes. Conversely, in the 
present study we explored the possibility to derive information on the latter based on a preliminary 
calibration carried out on calcite powder samples. The behaviours of IR(d) and IB(d) were 
systematically analysed in order to investigate their repeatability and potential exploitation in grain 
sizing of natural calcareous rocks used to produce quicklime through calcination. Grain sizes of a 
calcareous rock (along with its porosity, texture and other) play an important role in its burnability, 
optimum calcination parameters and slaking reactivity of the corresponding quicklime product 
[19,20], as well as in the sulphation reactivity of limestone directly used in desulphuration processes 
[21], and other. 
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Kinetic parameters such as apparent activation energy are fundamental in defining calcination 
behaviour, because these values are in strict relationship with intrinsic geological features of 
carbonate rocks (i.e. grain size distribution, porosity, microstrain etc.) and derived technological 
properties of burnt limes. For example, it has been demonstrated that grain-supported and mud-
supported limestones decompose at different rates on the basis of their microstructures and grain size 
[22–26], thus providing different lime products depending on, but not limited to, calcination duration 
and applied temperature. 

In some details, to explore the potential of such in situ “RS grain sizing”, a set of calcareous rock 
slices and pellets from various quarries were petrographically classified and then subjected to RS 
(exc. 785 nm). In parallel, repeatable behaviours of IR(d) and IB(d) on reference calcite samples were 
demonstrated and eventually congruent comparisons with the mentioned calcareous rock samples 
were successfully achieved. Besides the potential exploitation in lime production, this work also 
provides some important interpretative advances on intensity variations in RS and stimulate further 
insights for extending their exploitation in other field of application. 

 

2. Materials 

2.1 Classification of calcareous rock samples 

In this work, 23 small slices (50×25×10 mm3) of carbonate rocks and 23 corresponding pressed 
powder pellets were investigated. Raw calcareous rock fragments were taken in different quarries of 
the company UniCalce S.p.A, which is the main Italian company of lime and derived products. The 
location of the quarries from which samples were taken is shown in Tab 1. Sample names from each 
quarry are characterized by an abbreviation. These labels are used elsewhere in the text to identify 
the investigated samples.  

Table 1. List of investigated carbonate rocks reporting sample names, locality of the quarry, age, 
geological formation and main petrographic features. 

SAMPLE Location Age Geological formation Rock features 

IT9, IT12 
 IT21, IT22 

Itri  
(LT) 

Early Jurassic/ 
Early Cretaceous 

  Toarcian - Aptian Limestone[27] 
(C4-1; C1-G5)  

Fine to medium grained pel-micritic mudstone to 
bio-pel sparitic packstone. Matrix is sometimes 
characterized by neomorphic microsparitic 
recrystallization. 

LY2 N.D. ND N.D. 
Fine to medium grained mud-supported to grain-
supported bio-pel micritic wackestone to packstone 
with abundant microsparitic cement. 

PL3, PL7 
PL8 

Palagiano  
(TA) Late Cretaceous Calcare di Altamura Formation[28] 

Fine grained to very fine grained bio-pel micritic 
mudstone to wackestone. Bioclasts have slightly 
recrystallized in neomorphic microsparite. 

SP4, SP11 
SP13, SP17 

SP20  

Narni  
(TR) Early Jurassic Calcare Massiccio Formation; 

Corniola Formation[29,30] 

Fine grained pel-micritic wackestones to medium 
grained intra-pel sparitic grainstones. Peloids, 
intraclasts  and aggregate grains are the major 
allochems, with minor bioclasts (foraminifers). 
Abundant sparite cement in grain-supported facies. 
Rare chert nodules 

VA7, VA17 
VA23, 
VA25 
VA33 

Lecco  
(LC) Early Jurassic 

Calcare di Zu Formation; 
Albenza Formation 
Calcare di Sedrina 
Formation[31,32] 

Fine grained micritic mudstone to bio-micritic 
wackestone. Brownish opaque laminae define 
anisotropy. Stylolytes with brownish organic and 
argillaceous fillings.  
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VG3, VG10 
VG15, 
VG23 
VG25 

Scoppito  
(AQ) Upper Cretaceous 

Scaglia detritica Formation; 
Scaglia cinerea detritica 

Formation[33] 

Fine grained bio-micrite to intra-bio-pel sparitic 
packstone; microfossils include foraminifers, 
bivalves, echinoderms. The original texture is 
sometimes overprinted by cataclastic microstructure 
which gives to the rock the aspect of a calcareous 
breccia.  
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Table 2 Petrographic description of the rock samples, according to Dunham (1962), Folk (1962), and 
Flügel (2004). Veins: x= present, xx= abundant. Main allochems: x= 1-10%, xx=11-50%; xxx= 
>50%. Mineralogy: xxx= main phase, xx= secondary phase; x= accessory phase (< 5%) 

 
*Referred to the qualitative evaluation of textural and/or structural homogeneity of the analyzed rock sample. 

 

Contextually to the cutting and polishing of the rock slices, chips was also taken and subjected to thin 
section examinations. Polarized light microscopy (Leica mod. DM LP) allowed classifying most of 
the rocks according to the carbonate classification by Dunham [34] and Folk [35], while three of them 
have been described according to Flügel [36], as summarized in Tab. 2. Dunham classification is 
based on textural properties, presence of carbonate mud (generally composed of calcite crystals below 
4 µm, namely micrite) and amount of allochems. If allochem grains are less than 10% and set in a 
micritic mud, the rock is classified as “Mudstone”, while if they exceed 10% the rock is classified as 
“Wackestone”. If allochem grains are in contact among each other, the rock is defined grain-
supported and classified as “Packstone” or “Grainstone”, depending on the presence or absence of 
interstitial micritic mud, respectively. Folk classification instead is based on recognition of the 
allochem types and their relative abundance (i.e. peloids, ooids, bioclasts, cortoids, intraclasts etc.), 
coupled with visual estimation of micrite and sparite cement (i.e. calcite crystal generally coarser than 

Sample 
ID

 Limestone type 
(Folk  1962)

Limestone type 
(Dunham, 1962) Veins

Micritic 
matrix 

(% vol.)

Carbonate 
cement 

(sparite or 
microsparite) 

(% vol.)

Allochems 
(% vol.) Bioclasts Peloids Intraclasts

Homogeneity 
degree* Calcite

Opaque 
minerals Micas

Clay 
minerals

IT9 pel-microsparite packstone X 40 40 15 X X X high XXX X

IT12 pel-bio-micrite mudstone X 90 5 5 X X low XXX X

IT21 pel-micrite packstone X 45 35 20 X XXX medium-high XXX X

IT22 pel-micrite  packstone X 55 20 25 X XX X high XXX X

LY2 pel-bio-sparite grainstone X 5 30 65 XX XXX medium XXX X

PL3 bio-micrite wackestone X 50 25 25 XXX high XXX X

PL7 bio-micrite wackestone - 40 30 30 XXX high XXX X

PL8 bio-micrite wackestone - 40 30 30 XXX high XXX X

SP4 intra-pel-bio-
sparite grainstone X - 45 55 XX XXX XXX high XXX

SP11 pel-micrite wackestone XX 60 10 30 X XXX X high XXX X

SP13 pel-intra-sparite packstone X 15 40 45 X XXX XX medium-high XXX X

SP17 pel-bio-sparite packstone X 10 45 45 XX XX X medium-high XXX

SP20 pel-(bio)-micrite wackestone X 55 10 35 X XX medium-low XXX X

VA7 bio-micrite mudstone - 97 - 3 X high XXX X X X

VA17 bio-micrite wackestone X 55 10 35 XX X high X X

VA23  bio-micrite mudstone - 95 4 1 X X medium-high X X X

VA25 pel-bio-micrite mudstone XX 75 15 10 X X medium-high X X

VA33 bio-(pel)-micrite wackestone X 70 15 15 XX X medium-low X X

VG3 bio-micrite wackestone X 65 5 30 XXX high X X

VG10 pel-bio-intra-
sparite

packstone X 15 40 45 XX XXX XX medium-high X X

VG15 X 15 10 70 XX X XXX medium-high X X X

VG23 - 25 5 70 X XXX high X X

VG25 - 15 45 40 XX X XXX high X X

Main  allochems Mineralogy

Limestone type (Flügel 2004)
(microbreccia) coarse grain lithoclast 

limestone 
(microbreccia) medium grain 

lithoclast limestone 
(microbreccia) fine grain lithoclast 

limestone 
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30 µm) amounts. Rocks are then classified with a prefix related to the dominant allochem type and a 
main name related to the relative abundance of fine grained matrix (micrite) or coarser grained cement 
(sparite). Flügel classification is based on the type and size of the clasts that make up a sedimentary 
rock using the terms intra- or lithoclast and indicating size ranges. For example, a limestone 
microbreccia can contain mm- and cm-sized carbonate clasts. The clasts can be angular or rounded 
fragments of rock embedded within a matrix and/or cemented by various minerals.  

Furthermore, clippings of each raw slices were granulated, quartered and finally pulverized through 
a planetary ball mill. A single cycle of milling with times of at least 50 minutes and medium/high 
rotation speed were used to achieve powders with particle sizes less than 150-200 µm. 4 g of powder, 
2-3 drops of polyvinyl alcohol (PVA), and 15 g of boric acid were added to make pressed powder 
pellets. PVA was used to facilitate the aggregation and increase the hardness and resistance of the 
pellets over time. Pressure of about 20 t/cm2 was applied to form cylindrical pellets with diameter of 
40 mm and thickness of 10 mm. While pellets allowed more statistical and representative information 
of the chemical composition of samples, the analysis of rocks correlated compositional information 
with texture and structure of samples. 

 

2.2 Petrographic characterization 

The petrographic features of each rock sample are reported in Tab. 2, along with the lithological 
groups derived through the classification described above. The most representative lithological group, 
wackestones (8 samples), is characterized by the distinctive mud-supported texture and allochems 
content between 15-35% (e.g. VA33 and VA17 respectively). Allochems include predominant 
bioclasts or peloids (e.g. PL3 and SP20 respectively), while some samples were characterized by 
dominant intraclasts, typically micritic, (e.g. SP11). Mudstones are sometimes associated with 
laminated samples (four samples), allochems like bioclasts and 1-5% subordinated peloids (e.g. VA23 
and VA25, respectively).  

SP13 and VG10 included packstones with high content in bioclasts and peloids (25-45%). 
Grainstones, poorly represented in the analyzed dataset (2/23 samples), consist of higher content in 
allochems (55-65%), made up by bioclasts and/or peloids and/or poorly sorted intraclasts (SP4 and 
LY2) with a wide grain size range (4-1000 µm). IT9, PL3, PL7 and PL8 presented recrystallizations 
and showed a pseudo-recrystallized fabric with 40% of microspar mosaic (10-15 µm) and 40% of 
micritic matrix. VG15, VG23 and VG25 were included in the lithological group of litoclast limestone. 
These are predominantly composed of poorly sorted intraclasts and bioclasts (∼1-100 µm). The 
percentage of micritic matrix varied between 15-25%. 

 

2.3 Preparation of crystalline calcite powder samples 

In parallel, in order to systematically investigate the grainsize dependence of the spectroscopic 
signals, an aggregate of euhedral calcite crystals (longest size of several cm) was crushed and 
subsequently milled dry two times. The sample was milled with an agate ball mill for 40 minutes with 
a medium rotation then a fraction was further milled in order to achieve smaller size powder. The 
whole powder achieved was sorted using 9 sieves with nominal openings of: 500, 425, 250, 100, 63, 
50, 30 and 10 μm, respectively. To facilitate the sieving of granulometric classes below 100 μm, 
deionized water and a vacuum pump were used (wet sieving). Finally, all the classes achieved were 
washed to remove any clinging finest fractions. 
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The finest fraction (<4 μm) was achieved through liquid sedimentation. A graduated cylinder (1 litre) 
was filled with distilled water and a lower fraction rate of 10 μm, agitated for 2 minutes to achieve a 
homogeneous mixture. From Stoke's law [37] the sedimentation speed has a quadratic dependence 
on the particle size: v≅9.2⋅105d2 [m/s]. Thus, after about one hour the particles with d >4 μm are 
expected to fall down along ∆h > 5 cm while those with narrower diameters remain in the upper part 
(∆h < 5 cm). The mixture was taken from the latter using a pipette and dried at 100 °C for 8 hours in 
order to achieve calcite particles with d <4 μm. 

After the mechanical sorting described above, statistical characterization of morphology and size 
distribution (PSD) was performed through image analysis in order to better define the sizes of the 
samples achieved. Particles were deposited onto a carbon adhesive tape stuck on a standard specimen 
stub and imaged through electron microscopy (SEM). Images were taken with a Vega3 TESCAN 
SEM using SE detector, 5-10 kV voltage and high vacuum. This instrumentation was also equipped 
with an energy dispersive X-ray spectrometer (EDS) Bruker Quantax 200 Z30 for chemical 
microanalysis with P/B – ZAF correction method.  

The recorded images were then processed with open-source ImageJ Software. The 2D projection of 
each particle was measured on 8-bit spatially calibrated images through Gaussian blur filtering, 
watershed segmentation, thresholding and eventually automated counting using well-established 
algorithms [38]. For sieved ranges below 50-63 µm, manual counting using wand or free-hand 
selection tools was preferred, as particles were not well isolated and digital separation by watershed 
segmentation was not possible. The set area statistics included the maximum and minimum Feret 
diameter (Φ, φ), aspect ratio, circularity, round, and solidity. Since the aspect ratio (AR) for different 
classes of particles ranged between 1.5 and 2, their average size, d was calculated using the formula 
[39]: d 2+φ 2=Φ 2. Results achieved for the different fractions are shown in Fig. 1. The data show that 
distribution is fairly symmetric as mean and median values are equal in most cases. 
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Fig. 1 Cumulated size distribution of different fractions of sieved calcite particles (a, b) and box-whisker plots 

showing AR (c) and particle size d distributions (d). 

 

3 Raman setup 

Raman measurements were carried out using the i-Raman spectrometer by B&W Tek (CA, USA), a 
portable tool equipped with fiber coupled diode laser @785 nm (maximum power to the target of 120 
mW) focused onto the target using a lens with a focal length of 6 mm (dL=85 µm) and a spectrometer 
which covers the range 175-3200 cm-1 with a spectral resolution of 8 cm-1. Measures were carried out 
both on rock slices, corresponding pressed powder pellets, pure crystalline calcite powders sorted in 
ten different particle sizes. For rock slices and associated pressed pellets, variable acquisition times 
between 1-30 s and laser power between 50-100 mW were used in order to achieve satisfactory IR 
which depended on the variability of the particle sizes of the samples. For calcite crystalline powders, 
Raman spectra were collected using 100% of laser power, acquisition time of 3 seconds and average 
of 10 acquisitions. In all the cases the average IR and IB over 30 measurements were associated to 
each sample. All the data collected were rescaled to the same laser power and acquisition time.  

As observed in Borromeo et al. [40], the measurements of IR(d) should also take into account the 
degree of packing of the particles and the field of view of the detector and the latter should be enough 
large in order to collect the whole signal. In this respect, it is important to note that the Volume of 
View= Field of View×1/2 Depth of Field (VoV=FoV⋅ ½DoF) is certainly crucial in determining 
whether or not the whole signal is detected, although in case of partial collection the possibility to 
derive information on particle sizes is not necessarily affected. Here, the FoV was derived through 
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the translation of a small light source in the focal plane and the associated measurement a band 
intensity, while the DoF was achieved through focus scan along the optical and measurement of the 
spectrum of a thin paint layer (15 µm). The results was: ∅FoV(10-90%)=480 µm, ½DoF(10%)=1.3 
mm, which correspond to VoV=0.24 mm3. 

 

4 Results 

4.1 RS calcareous rock samples 

Spectra of powders, pellets, and rock slices were collected using the portable Raman spectrometer 
(exc. 785 nm) described above, which is usually very effective in measuring the three characteristic 
vibration bands of calcite (ν1 1088 cm-1, ν4 714 cm-1, and T 283 cm-1). The band at 1088 cm-1 
corresponds to the ν1 symmetric stretching C=O mode of the carbonate ion; the band at 714 cm-1 is 
the ν4  in-plane bending mode of the carbonate group; the band at 283 cm-1 corresponds to the L 
librational mode [40]. However, despite the rather high purity grade of the present calcareous rock 
slices, just a few of them exhibited relatively high IR for all bands, whereas for most of them low IR, 
lack of the band at 714 cm-1, or no spectral bands at all were detected. The representative picture of 
such an experimental evidence is reported in Fig. 2, which displays the normalised and averaged 
spectra of VG15, VA33, and VA7, which presented different petrographic features (Tab. 2). As 
shown, microbreccia (VG15, av. grain size 30 µm), wackestone (VA33, av. grain size 10 µm), and 
mudstone (VA7 av. grain size <4 µm) exhibited relatively intense, weak, and very weak bands, 
respectively, with associated low/intermediate (6000-7000 counts) and high (50000 counts) 
background intensities, respectively. This suggests, within the present grain size range, IR(d) and 
IR(d)/IB(d) are monotonically increasing. As mentioned above, we focused on the quantification of 
such behaviours in order to exploit them in calculating unknown grain/particle sizes from measured 
intensity values. The latter can be performed on powder and/or powder pellet, and rock slice samples, 
which correspond to different particle packing to be taken into account whenever using the values 
measured for one of these samples for evaluations on another of them. 
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Fig. 2 Comparison among Raman spectra, normalized at 100% laser power,  one second of acquisition time 
and then averaged by all acquired spectra of three calcareous rock slices: a) VG15, Microbreccia – Coarse 
grain litoclast limestone; b) VA33, Wackestone – bio pel- -micrite; c) VA7, Mudstone/ Bio Micrite. The insets 
show the respective micrographic details.  

 

The particle packing effect practically disappeared when plotting the ratio IR/IB of the band @1088 
cm-1 (in the following, also indicated as “intensity ratio”) as measured on the rock slices vs the 
corresponding one of the associated pellets (Fig. 3). In the graph, the samples were grouped according 
to their petrographic classification and the indicative average grain size ranges, as pointed out through 
the petrographic examinations, was also reported.  
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Figure 3 Intensity ratios of the calcareous rock slices vs the corresponding ones of powder pellets under 

investigation. 

As shown in Fig. 3, numerically similar intensity ratios were measured for each pair of samples 
(tablet, slice), which is close to the bisector (linear fitting with R2=0.98, not shown). Similarly, IR/IB 
values of the rock powders were close to the corresponding ones of the rock slices. This evidenced 
that the intensity ratio is independent on particle packing/mass density, as well as on laser exposure 
parameters. In supplementary materials, two tables (S1 and S2) of the mean and standard deviation 
(SD) values of the Raman band at 1088 cm-1 and its background have been reported for the rock slices 
and powder pellets, respectively. Furthermore, the plot of Fig. 3 demonstrates that grinding and 
aggregation in pellet preserved somehow the information on grain sizes. In particular, the range of 
intensity ratios of the samples VG15, VA33, VA7 (Fig. 2) spread over the whole range of variability 
of such parameter and the intensity ratio of most of the samples are compatible with the corresponding 
grain size ranges petrographically assessed, as shown in Fig. 3. The latter plot also shows some 
apparent discrepancies due to the fact that the petrographic classification is not strictly based on grain 
sizes and such mismatches can be reasonably explained without affecting the present general trend. 

In particular, samples of “grainstone” facies included different average crystal sizes. For instance, the 
sample SP4 did not contain micritic mud, had 45% sparry cement but a great amount (45%) of micritic 
rich allochems, such as peloids and/or intraclasts. Whereas, the sample LY2 presented a lower 
percentage of sparry cement (30%) and a much higher quantity of micritic peloids (65%). As a result, 
the latter sample returned lower IR/IB @1088 cm-1 than the former. Wackestone samples also showed 
wide variability. This facies could have average crystal sizes ranging between 4-7 µm. This was due 
to the variability of the allochems, ranging in size between 3-15 µm. Finally, a sample classified as 
mudstone (VA25) had IR/IB of the pellet slightly higher than that measured on the rock slice (Fig. 3). 
This discrepancy was due to the presence of veins (rich in recrystallized calcite >20 μm), which were 
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not analysed in the rock while they contributed to increase the average particle size of the pellet. In 
other words, all the data were acceptably coherent with the increasing behaviour of the present 
intensity ratio. 

 

4.2 RS of crystalline calcite powders 

The observation of the experimental spread of IR/IB of the present set of calcareous rock slices and 
pellets (shown in Fig. 3) and its congruent interpretation in terms of grain sizes stimulated us to 
perform a dedicated systematic investigation. Thus, as described above, rather pure calcite macro-
crystals with a prismatic habit were carefully grinded and sieved in order to achieve a set of powders 
with different granulometries (Fig. 1) and associate pellets, which were subjected to systematic RS 
measurements (exc. 785 nm). Such an insight was aimed at deriving the general dependence on grain 
size of IR(d), IB(d), and then of IR(d)/IB(d). SEM-EDS analysis carried out on calcite crystals did not 
detect the presence of any impurity, indicating pure CaCO3 composition. 

Figures 4 shows the experimental scatter plots of these functions, as measured for the present 
powders. All the three calcite bands were formerly measured over grain sizes between ∼1-1000 µm 
using dL= 85 µm. Thirty acquisitions in different measurement points over the surface of each calcite 
granulometric sample (powders and pellets) were collected and averaged. As shown in Fig. 4a-c, IR(d) 
had similar peaked behaviours with respective maxima around 50-70 µm. The bands @283 cm-1 (Fig. 
4a) and @1088 cm-1 (Fig. 4c) exhibited much more pronounced variations with respect to that of the 
band @714 cm-1 (Fig. 4b), which had in general relatively low intensity. The corresponding IB(d) had 
significantly higher variations, their shapes were much more peaked than IR(d), and the maxima were 
shifted towards particle sizes around 10 µm. Finally, the ratios IR(d)/IB(d) had a monotonically 
increasing behaviour and presented quite regular saturating behaviours (Fig. 4d). 
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Fig. 4 Experimental results of the dependence of the intensities of the three Raman bands of calcite (red)and 

of the corresponding background (blue) intensities on particle sizes (a-c), along with the behaviour of 
the associated intensity ratios (d).  

 

6. Discussion 

The present insight on grain size dependence of the RS signals of sedimentary calcareous rocks was 
stimulated by the early experimental observation of relatively higher values of IR/IB for rock samples 
characterized by relatively larger grain sizes. A preliminary semi-quantitative association between 
petrographic grain size information and the ratio IR/IB was provided in Fig. 3, along with the 
demonstration that the fluctuations of such intensity ratio due to the different packing of rock slice, 
pellet, or powder, as well as the variation of the irradiation parameters were strongly reduced. This 
disclosed the possibility to investigate the behaviours of IR , IB, and IR/IB on particle size, d, from a 
more general standpoint, through the systematic preparation of a set of calcite granulometric samples 
and RS measurements.  

According to the preliminary observation on calcareous rocks for lime production and to the literature, 
the results achieved on calcite crystalline powders demonstrate that, at given laser intensity and 
exposure, the variation of IR, IB, and IR/IB strongly depend on the particle sizes (Fig. 4). IR(d), IB(d), 
and IR(d)/IB(d) of the three main bands of calcite powders exhibited similar repeatable behaviours. In 
particular, the plots of IR(d) @1088 cm-1 (Fig. 4c) presented some similarities with that reported in 
Kristova et al. [16], while those of IB(d) (Fig. 4a-c) and of the intensity ratio (Fig. 4d,) are reported 
and discussed here for the first time. 

In principle, both the functions IR(d), and IR(d)/IB(d) could be used for deriving particle/grain sizes 
through inversion. However, the former is obviously too sensitive to laser parameters, packing, 
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textural features, and other and its exploitation for particle sizing requires very controlled conditions. 
As mentioned above IR(d)/IB(d) is, in some extent, independent on mentioned material and irradiation 
conditions, although it reproduces the possible variability of IB due to different concentration of 
impurities [41]. On the other hand, if the group of rocks of interest contains the same order of 
magnitude of impurities and the intensity ratio is calculated for the band @1088 cm-1, which is on the 
tail of the fluorescence/luminescence band (higher variation were observed @ 283 cm-1) the 
corresponding fluctuations and errors could be significantly reduced. In specific cases, rescaling of 
the reference curve (Fig. 4d) based on a known value IB(d0), independently achieved, could be needed 
for extending the method to large variation of impurity contents. 

 

6.1 Modelling of the particle size dependence 

As mentioned above, a model to estimate the behaviors of IR(d) and IB(d) when performing RS of  
particle samples was introduced by Schrader and Bergmann [8] as an extension of the Kubelka and 
Munk theory originally developed to describe the transmittance and diffuse reflectance of powdered 
solids. Briefly, in the latter, the material system is assumed to be a pseudo-continuum and the 
mathematical treatment considers absorbed, scattered, and Raman-shifted radiation. The intensity of 
the backscattered Raman signal is described by the following expression: 

𝐼𝐼𝑅𝑅(𝑑𝑑) = 𝐼𝐼0
𝑟𝑟 𝑘𝑘
𝛼𝛼

(sinh𝑘𝑘𝑘𝑘)2+(𝛼𝛼+𝑠𝑠) sinh𝑘𝑘𝑘𝑘 cosh𝑘𝑘𝑘𝑘−𝑘𝑘𝑘𝑘𝑘𝑘
[(𝛼𝛼+𝑠𝑠) sinh𝑘𝑘𝑘𝑘+𝑘𝑘 cosh𝑘𝑘𝑘𝑘]2    ,   𝑘𝑘 = √2 𝑠𝑠 𝛼𝛼 +  𝛼𝛼2       ,    (1) 

where t and r are the thickness of the layer and the Raman scattering coefficient, respectively, while 
α, and s are the hemispherically integrated absorption and scattering coefficient, respectively, 
depending on the particle size d. Following the two-flux model for spherical particles of Brewster 
[42] they are given by 𝛼𝛼 = 2 3

2
 𝑄𝑄𝑎𝑎
𝑑𝑑

 𝑓𝑓𝑉𝑉  and 𝑠𝑠 = 2 𝐵𝐵 3
2

 𝑄𝑄𝑠𝑠
𝑑𝑑

 𝑓𝑓𝑉𝑉 ,  where B is the back-scatter fraction,  𝑄𝑄𝑎𝑎,𝑠𝑠 
are the absorption and scattering efficiencies and 𝑓𝑓𝑉𝑉 is the volume fraction occupied by the spherical 
particles. A further correction for particle’s volume effect in case of close-packed system is discussed 
in Brewster [43] and results in a further multiplicative factor of 1

1−𝑓𝑓𝑉𝑉
 in the two coefficients.  

However, non-continuum models have been proposed for large particle sizes where geometric optic 
plays a major role. Here, we used a modified version of the approach proposed in Sadeghi [44]. We 
assume that the Raman signal is generated through the interaction of the laser beam with the surface 
and volume of the particles, it undergoes multiple reflections at the particle-air boundaries and is 
attenuated by absorption. Following the calculations of Sec. 2 of Sadeghi [44] for computing the 
contributions of the different ray-paths to the Raman signal, we obtain     

𝐼𝐼𝑅𝑅(𝑑𝑑) ∝ ��1 + (1−𝜌𝜌)2𝜌𝜌 𝑒𝑒−2 𝜇𝜇𝑎𝑎 𝑑𝑑

1−𝜌𝜌2𝑒𝑒−2 𝜇𝜇𝑎𝑎 𝑑𝑑 � + ��1 + (1 − 𝜌𝜌)2𝜌𝜌 𝑒𝑒−2 𝜇𝜇𝑎𝑎 𝑑𝑑� (1−𝜌𝜌)4𝑒𝑒−2 𝜇𝜇𝑎𝑎 𝑑𝑑

1−(1−𝜌𝜌)4𝑒𝑒−2 𝜇𝜇𝑎𝑎 𝑑𝑑��,    (2) 

Where ρ is the reflectivity of the air-particle interface, 𝜇𝜇𝑎𝑎 is the linear absorption coefficient and d is 
the spherical particle diameter.  

Equations 1 allows fitting IR(d) over the increasing interval (i.e. to the left of the maximum), while 
eq. 2 allows fitting IR(d) over the decreasing one (Fig. 5a). In principle, eqs 1-2 could also be adapted 
in order to represent the behavior of IB(d), but this is not trivial. Thus a closed-form expression of 
IR(d)/IB(d) is not available and experimental data were fitted using the exponential asymptotic 
function of Fig. 5b, which represents the calibration function allowing to extrapolate an “estimation 
of the grain size” associated to a measured intensity ratio. Such a “predicted grain size”, achieved 
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through the inversion of the mentioned calibration curve represents a sort of “effective size of the 
single scatterer”, de , which is determined by the grain size distribution within the probed volume (i.e. 
for a single measurement, the intersection between the irradiated volume and the VoV). Thus, from 
the application standpoint, de can be considered equivalent to the local average grain size.  

 
Fig. 5 Fitting of the experimental data of calcite powders: a) IR(d) experimental data and superposed curves of 

eqs 1-2 with the following fixed parameters and a multiplicative scaling factor. In Eq 1 we assumed 
B=0.5, fV=0.6, t=5mm, Qs(d) and Qa(d) have been calculated by using Mie theory [45] with calcite 
average real refractive index of n=1.57 and imaginary part k= 0.00001 [46]. In Eq 2 𝜌𝜌 = 0.05 (Fresnel 
equations at normal incidence) and 𝜇𝜇𝑎𝑎 = 4𝜋𝜋𝜋𝜋

𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙
  = 1.6 cm-1.       b) IR(d)/IB(d) fitted using the asymptotic 

function: a⋅(1-e-bx), a=0.89, b=0.03 (R2=98%). The red area (b) corresponds to the confidence level of 
95%. The symbols at the bottom left of the plot are two data point circles with very small error bars. 
They are very close and partly superimposed. 

 

As shown in Fig. 5b, the possibility to extrapolate de on the basis of the mentioned calibration is 
limited to 40-50 µm, since for larger grain sizes the error gets large, rapidly increasing, and diverging. 
Fortunately, typical grain sizes of calcareous rocks used in lime production range below such maximal 
values and this holds, in particular, for the present samples (Tabs 1-2). Figure 6 summarizes the grain 
sizes, de, of the latter, as extrapolated through the calibration curve of Fig. 5b. The respective range 
of values is congruent with those independently measured through the petrographic examinations and 
summarized in Fig. 3. Thus, for example, predicted values of VA7, VA33, and VG15 were 1.7-1.8, 
4-5.5, and 25-40 µm, respectively, which can be considered satisfactorily in agreement with the 
respective petrographic determinations: the samples were classified at the lower limit of the ranges 
<5 µmm (VA7) and 6-9 µmm (VA33), and at the upper limit of the range 10-25 µmm (VG15), 
respectively. Similar coherent comparisons were achieved for the other samples, thus demonstrating 
the feasibility of the present method to estimate the average grain size of calcareous rocks using RS. 
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Fig. 6 Predicted grain sizes considering the 95% confidence limits . Different colors of rectangles refer to the 
caves where carbonate rocks were extracted. The size of rectangles depends on the 95% prediction bands 
shown in fig. 3b; the dark spots inside the rectagles correspond to the grain size values achieved from the 
calibration curve of fig.3b. 

 

7. Conclusions 

In this work, the possibility to extract quantitative grain size information from Raman spectra of 
sedimentary calcareous rocks was explored for the first time. To this goal, the general behaviours of 
calcite Raman band and background intensities on particle size along with their ratio were 
investigated through the preparation of reference calcite powders and associated Raman spectroscopy 
measurements. The results confirmed the typical peaked shape of the Raman intensity and an 
interpretative model to fit such a behavior was applied. Furthermore, we also pointed out that the 
background intensity follows a similar dependence on particle size as that of the Raman signal.  

Among the experimental curves achieved and interpreted according to the optical modeling, that of 
the intensity ratio of the band @1088 cm-1 resulted to be the most suitable to be exploited as grain 
size calibration curve, i.e. the curve allowing to extrapolate the effective grain size within the probed 
volume.  

The method was applied to a set of samples collected in several quarries of the Italian lime company 
Unicalce, which is strongly interested in rapid grain size assays to be performed in situ along the 
whole lime production chain. This represents a goal of general interest for the whole lime industry 
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sector [47]. In particular, the knowledge of the average grain size is very important to optimize the 
production process of quicklime and assess the quality of the final product. Here, we experimentally 
demonstrated the potential of such a grain sizing based on portable Raman spectroscopy. The results 
achieved through the introduction of a calibration curve were in substantial agreement with the 
evidence of the petrographic examination of the rock samples, which represents an important step 
towards the validation of this innovative approach.  

Further insights will be dedicated to the refinement of the grain size calibration curve and to extend 
the potential application of the present approach. More in detail, the refinement of the grain 
calibration curve could be achieved by improving the milling process to obtain a more precise 
distribution of the sieved ranges especially those below 50-63 µm which are the more commonly 
found in calcareous rocks used in the field of the lime industry. Besides, the study of the dependence 
between the Raman bands/background intensity with grain size can be extended to different laser 
excitation wavelengths as well as to minerals used in other industrial processes.   
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