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a b s t r a c t

Pulsed laser induced breakdown spectroscopy (LIBS) and Raman spectroscopy were performed using
a novel laboratory setup employing the same Nd:YAG laser emission at 532 nm for the analysis of five
commercially available pigments collectively known as “ultramarine blue”, a sodium silicate material of
either mineral origin or an artificially produced glass. LIBS and Raman spectroscopy have provided infor-
mation regarding the elemental and molecular composition of the samples; additionally, an analytical
eywords:
ime-resolved Raman spectroscopy
aser induced breakdown spectroscopy
apis lazuli
azurite

protocol for the differentiation between natural (lapis lazuli) and artificial ultramarine blue pigments
is proposed. In particular LIBS analysis has allowed the discrimination between pigments on the basis
of peaks ascribed to calcium. The presence of calcite in the natural blue pigments has been confirmed
following Raman spectroscopy in specific areas of the samples, and micro-Raman and optical microscopy
have further corroborated the presence of calcite inclusions in the samples of natural origin. Finally mul-

indu
ion b
rtificial ultramarine
rincipal component analysis (PCA)

tivariate analysis of Laser
enhanced the differentiat

. Introduction

Ultramarine was originally used to distinguish the blue pigment
apis lazuli (extracted from the mineral lazurite (approximate for-

ula (Na, Ca)8(AlSiO4)6(SO4, S, Cl)2) and imported from Asia) from
ther less expensive blue pigments, in particular the blue copper
ineral pigment azurite (Cu3(CO3)2(OH)2) [1]. In the past the prin-

ipal source of the mineral and pigment was in ancient quarries of
adakshan (now Afghanistan). Another large deposit of lazurite is

ocated in the Andes Mountains in the area of Ovalle in Chile where
he pre-Columbian cultures (including the Incas) mined lapis lazuli
s a semi-precious stone. The natural pigment lapis lazuli [from the
atin lapis (stone) and lazulus (blue)] contains grains of the cubic
ineral lazurite which accounts for the typical vibrant and deep

lue colour of the ground mineral pigment. As a mineral deposit,
azurite is commonly associated with other silicate minerals such as
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

iopside (CaMgSi2O6), forsterite (Mg2SiO4), wollastonite (CaSiO3)
ogether with calcite (CaCO3) and pyrite (FeS2).

The pigment ultramarine, extensively used in Europe through-
ut the 14th and 15th centuries, is obtained by crushing, grinding

∗ Corresponding author.
E-mail address: iacopo.osticioli@unifi.it (I. Osticioli).

386-1425/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2008.11.028
ced breakdown spectra using principal component analysis (PCA) further
etween natural and artificial ultramarine blue pigments.

© 2008 Elsevier B.V. All rights reserved.

and cleaning the raw material to separate the other minerals
from lazurite, as described in artists’ accounts [2]. Later, the
use of lapis lazuli was limited due to its high price and the
widespread availability of cheaper alternatives (including Prus-
sian Blue Fe7(CN)18(H2O)x and the potassium-cobalt glass pigment
Smalt). However, in 1828, an artificial ultramarine was synthesized
by Jean Baptiste Guimet and was subsequently adopted by Euro-
pean artists. Similar in chemical composition to lazurite, synthetic
ultramarine has an approximate formula Na6–10Al6Si6O24S2–4
which can vary with the manufacturing conditions, namely with
the purity and the different proportion of the ingredients.

The identification and discrimination between natural (hence
forth refereed to as lapis lazuli) and the synthetic ultramarine
is relevant to the analysis of works of art, providing information
regarding both the technique used by artists during execution
and the historical practice. As an example, the use of artificial
ultramarine in Impressionist and post-Impressionist paintings is
common [1] whereas the presence of such a pigment in a 14th
century painting could be ascribed to subsequent interventions of
ol. Biomol. Spectrosc. (2008), doi:10.1016/j.saa.2008.11.028

restoration. Since lapis lazuli and artificial ultramarine have similar
chemical composition and properties, their discrimination is not
straightforward, and usually necessitates invasive analysis. Gener-
ally lapis lazuli can be recognized with optical microscopy or under
high-magnification scanning electron microscopy (SEM), the mor-

dx.doi.org/10.1016/j.saa.2008.11.028
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:iacopo.osticioli@unifi.it
dx.doi.org/10.1016/j.saa.2008.11.028
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hology of the pigment particles and variation in the particle size
istribution of lapis lazuli are distinctly different from the uniform,
mall and round particles of the synthetic ultramarine blue pig-
ent [3]. Furthermore, spectroscopic techniques have been used for

he identification of natural lapis lazuli and synthetic ultramarine;
ourier transform infrared spectroscopy (FTIR) has been proposed
or the differentiation between the two, with the spectra of lapis
azuli associated with selected vibrational bands ascribed calcite
nd wheddelite [calcium oxalate (Ca(CO2)2·H2O)], confirmed using
nergy dispersive X-ray (EDX) analysis which revealed the pres-
nce of calcium within particles in the pigment mixture [4]. In this
ase, the presence of calcium associated with lazurite but rather
rom the presence of natural impurities (including calcite) within
he pigment mixture. On the other hand, in the case of artificial
ltramarine, no calcium is present since the essential elements for

ts synthesis are sodium (Na), aluminium (Al), sulfur (S) and silicon
as SiO2).

Micro-FTIR spectra of lapis lazuli from Afghanistan have also
een reported and show a narrow band at 2340 cm−1 absent from
he spectra of the synthetic pigments, but this band has not been
ssigned [5]. The application of micro-FTIR and SEM-EDX spec-
roscopy for the discrimination of ultramarine pigments is invasive
nd requires sample preparation.

Alternative and complementary analysis of ultramarine is pro-
ided by Raman [6] and laser induced breakdown spectroscopy
LIBS) [7], and the integration of the two techniques is the focus
f this work.

Raman spectroscopy has often been used for the molecular anal-
sis and the characterization of inorganic pigments from works
f art [8,9], with a variety of databases available for ancient and
odern pigments [10–12]. A wide range of artistic and historical
aterials have been studied by using this non-destructive, and in

ome cases non-invasive [13,14], spectroscopic technique. The cou-
ling of Raman spectroscopy to LIBS is particularly advantageous, as
oth molecular and elemental information can be obtained. Indeed,
dvantages from combining the techniques have been described
lsewhere [15–17] where analyses based on Raman spectroscopy
nd LIBS have been undertaken in order to identify pigments in
9th century icons and polychromy. In these cases, measurements
ere carried out using two distinct instrumental devices employing

wo different laser sources. The novelty introduced by the present
ork is that the same laser was employed for both Raman and LIBS
easurements.
Analysis of laser induced breakdown emissions, which arise

rom the formation of a hot plasma during ablation, provides many
dvantages for elemental analysis of art, as described recently
18–20]. LIBS can provide qualitative and, at times, quantitative
21] information about the elemental composition of an object. The
esponse time of analysis is on the order of only a few seconds and
o sample preparation or prior treatment is required. When man-
al sampling is compromised due to the hardness or brittleness of
work of art, as in the case of ceramics, bronzes or stone, LIBS is
articularly powerful since sampling and analysis occur simulta-
eously. With the use of microscope objectives coupled with LIBS,
raters (and sampling) on the order of 10 �m can be achieved, mak-
ng analysis effectively micro-destructive and invisible to the naked
ye [22]. In addition, as many works of art cannot be moved, the pos-
ibility of performing analysis in museums and archeological sites
akes LIBS particularly important.
As part of this work, a prototype instrument capable of carry-

ng out Raman and LIBS by using a single pulsed laser source was
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

eveloped for the analysis of pigments. For this study, six different
amples were considered; three commercially available artificial
ltramarine pigments; two different samples of natural pigments,
ne from Afghanistan and the other from Chile; and a lapis lazuli
tone deposit. All samples were analysed using both Raman spec-
 PRESS
ta Part A xxx (2008) xxx–xxx

troscopy and LIBS. In addition, in order to identify changes or
differences in spectra in a large data set, principal component analy-
sis (PCA) was employed for the analysis of Laser induced breakdown
spectra. PCA is a multivariate method which can be used to describe
the variance–covariance structure of a set of data by using a lin-
ear combination of original variables to form principal components
(PCs). Combinations of the original dimensions describe the largest
variance between data sets, and most of the information from the
original data set can be accounted for by a smaller number of vari-
ables. The use of multivariate statistical methods, including PCA,
for the differentiation between similar laser induced breakdown
spectra has been particularly useful for the separation of different
samples of Roman ceramics known as “Terra Sigilata” [23,24]. A
similar approach for the analysis of spectra recorded from pigment
samples in the region between 390 and 399 nm has been explored.

2. Experimental

2.1. Samples

Five different ultramarine blue pigments were purchased from
specialized suppliers. Three of the pigments are synthetic and
were supplied by the Italian firms Phase (label ART01), C.T.S. (label
ART02) and Zecchi (label ART03). The two natural lapis lazuli pig-
ments were both supplied by Zecchi and are from Chile (label
NAT04) and Afghanistan (label NAT05). All the synthetic and natu-
ral pigments were supplied as powders. In addition, a stone sample
containing lazurite and other minerals (label MIN06) has been
studied together with the pigments. For reference, all powdered
samples were examined using polarised light microscopy in trans-
mission at 400× magnification in plane polarised light and with
crossed-polars; micro-Raman spectroscopy was also carried out on
the powdered samples. For the LIBS and Raman analysis the pow-
ders were pressed in tablets and analysed. No further treatment has
been performed on the mineral sample.

2.2. Raman-LIBS setup

For pulsed Raman and LIBS measurements, the second harmonic
emission (532 nm) of a nanosecond Q-switched Nd:YAG laser (8 ns,
20 Hz, 0.01–115 mJ pulse−1) was used as irradiation source [25]. The
instrument allows time-resolved acquisition which has been used
mainly to discriminate Raman signal from background radiation
or luminescence contributions (which is of particular interest for
measurements in the outdoors), and to acquire laser induced break-
down spectra with a suitable delay and gate time. A general scheme
of the instrumentation is shown in Fig. 1.

In Raman and LIBS the emitted light is collected from the sample
through the same lens used to focus the laser beam, and collected
light is subsequently focused into a 0.30 m imaging spectrograph
equipped with three interchangeable diffraction gratings with 150,
300 and 1200 grooves mm−1. A notch filter, the position of which
has been carefully optimized in order to obtain the clearest Raman
signal, was mounted on a stage that can be easily removed in order
to perform LIBS measurements. The ICCD is a 1024 × 256 imaging
pixel detector with a minimum gate speed of 1 ns. Energy values
measured before the focusing lens were 75 W cm−2 per pulse for
Raman measurements and 1875 W cm−2 for LIBS, with a gate width
of 700 ns and a gate delay of 200 ns. The diameter of the area anal-
ysed was on the order of 50 �m for both Raman and LIBS.
ol. Biomol. Spectrosc. (2008), doi:10.1016/j.saa.2008.11.028

2.3. Polarized light microscope

The microscope used is a Leica DM microscope with a Nikon
Coolpix digital camera attached. Transmission was obtained with
Tungsten illumination and white balance applied to images.

dx.doi.org/10.1016/j.saa.2008.11.028
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The atomic emissions of aluminium (Al) at 308.2 and 309.3 nm are
clearly observable in all the spectra together with the emission of
sodium (Na) at 330.2 nm, whereas, the atomic emissions of calcium
(Ca) at 315.9 and 318.1 nm are evident only in the natural ultra-
marine pigments from Afghanistan and Chile; finally, the spectra
ig. 1. General scheme of the instrumentation used to perform pulsed Raman and
IBS analysis: L, laser; M, mirror; S, sample; DM, dichroic mirror; N, notch filter; SP,
pectrometer; D, detector.

ispersions were examined and photographed at 400× magnifi-
ation.

.4. Micro-Raman

For micro-Raman analysis, a Renishaw RM 2000 single grat-
ng (1200 grooves mm−1) spectrometer coupled to an Argon ion
aser source (514.5 nm) equipped with a 50× objective for analysis
as used. The spectral resolution was approximately 4 cm−1, and

nstrumental calibration was carried out using the Raman peak at
20 cm−1 of silicon. Acquisition times were on the order of 30 min,
epending on signal intensity, and the power at the surface of the
ample was in the range of 4–40 mW cm−2. The diameter of the area
nalysed was on the order of 5 �m.

. Results and discussion
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

.1. Pulsed Raman and LIBS

Fig. 2 shows the pulsed Raman spectra acquired with the laser
mitting at 532 nm. The use of a pulsed source coupled with

ig. 2. Pulsed Raman spectra of different ultramarine blue samples: (a) ART01; (b)
RT02; (c) ART03; (d) NAT04; (e) NAT05; (f) MIN06. Spectra were acquired with

aboratory lighting (i.e. not in darkness).
 PRESS
ta Part A xxx (2008) xxx–xxx 3

an intensified and gated detector allowed the full removal of
the environmental light by applying a gate time of 100 ns and
a delay time of 12 ns and acquisition was approximately 30 min.
Although with the analysis of certain pigments, including Lead
White (2PbCO3Pb(OH)2) or Cinnabar (HgS), which may oxidise with
laser irradiation at higher fluences, no damage to the area analysed
was observed in the analysis of samples in this work. The absence of
any alteration and discolouration of the blue pigment crystals were
also monitored using optical microscopy.

The symmetric stretching vibration (�1) of S3
− at 548 cm−1

is clearly appreciable in all spectra of lapis lazuli and artificial
ultramarine. In addition, the bending vibration (�2) of S3

− at
258 cm−1 and the first overtone of the stretching vibration (1�1)
at 1096 cm−1 are also visible [6]. The spectrum of the stone sample
(MIN06) is of particular interest since it indicates the presence of
wollastonite (CaSiO3), a mineral commonly associated with lapis
lazuli and absent in the purified pigments; its Raman bands are
visible at 637 cm−1 corresponding to the Si O Si bending and at
970 cm−1 due to the Si O stretching [26,27].

It is clear from Fig. 2 that Raman spectra of the samples con-
sidered are not sufficiently different from one another to permit
the discrimination between lapis lazuli and artificial ultramarine
pigments. Samples appear of similar chemical composition and
molecular conformation, and the spot size of analysis effectively
averages molecular variations within the area of analysis of sam-
ples.

LIBS was performed on the same samples in order to determine
their elemental composition. Fig. 3 shows Laser induced break-
down spectra acquired in a spectral range between 305 and 340 nm.
ol. Biomol. Spectrosc. (2008), doi:10.1016/j.saa.2008.11.028

Fig. 3. Laser induced breakdown spectra recorded in the region between 305 and
340 nm of ultramarine blue samples: (a) ART01; (b) ART02; (c) ART03; (d) NAT04;
(e) NAT05; (f) MIN06. In the artificial samples (a)–(c) calcium is completely absent.

dx.doi.org/10.1016/j.saa.2008.11.028
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ig. 4. Laser induced breakdown spectra recorded in the region between 380 and
25 nm of ultramarine blue samples: (a) ART01; (b) ART02; (c) ART03; (d) NAT04; (e)
AT05; (f) MIN06. In the natural samples (d)–(f) the intensity of calcium emissions
re higher than the intensity of aluminium.

f the stone sample shows emission lines of calcium which are
ore intense than those of aluminium and also weak emissions

f calcium at 334.7 and 336.1 nm are observable. In all samples the
resence of calcium in the spectra is ascribed to the presence of
oth calcite and wollastonite.

Fig. 4 shows laser induced breakdown spectra acquired in a spec-
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

ral range between 380 and 425 nm. In these spectra the atomic
missions of aluminium (Al) at 394.4 and 396.1 nm and silicon
Si) at 390.5 nm are clearly detected. Intense atomic emissions of

agnesium (Mg) are observable in the Laser induced breakdown
pectra of lapis lazuli from Afghanistan and Chile, probably due

ig. 5. (a) The score plot of the two principal components, PC1 and PC2 which describe 9
amples of ultramarine blue pigments into different clusters on the basis of laser induced br
o PC1 and PC2.
 PRESS
ta Part A xxx (2008) xxx–xxx

to the presence of diopside (CaMgSi2O6) and forsterite (Mg2SiO4).
The lack of emission bands from Mg in the mineral sample spec-
trum could be due to a weak concentration of magnesium-based
minerals in the stone analysed. On the other hand, the presence
of magnesium in the natural ultramarine blue pigments from the
Andes and Afghanistan, is ascribed to an insufficient purification
of the finely ground natural pigments. Calcium (Ca) emissions at
393.4, 396.8 and 422.7 nm have been found in the spectra of all
samples. However, with natural pigments and the stone sample,
the intensities of the calcium emissions are greater than those of
the aluminium emissions. Furthermore the emission of calcium at
422.7 nm in the laser induced breakdown spectrum of lapis lazuli
shows auto-absorption that could be ascribed to a high concentra-
tion of this element in the ground pigment.

3.2. Principal component analysis (PCA)

In order to investigate the spectral variation related to the pres-
ence and intensity of emissions from calcium, statistical analysis
has been carried out using principal component analysis (PCA) on
laser induced breakdown spectra. Multivariate analysis of spectra
was performed on spectra in the range between 390 and 399 nm.
A total of 96 spectra were recorded, at 4 different positions and
on 4 different days for each of the 6 samples. Cosmic noise and
spikes were removed from spectra, and no corrections (for example
manual baseline adjustment) were applied.

Spectra were vector normalized to correct for variations in mea-
surement geometry which may influence the over-all recorded
intensity [28,29]. Spectra were then compared with PCA using Soft-
ware for Chemometric Analysis (SCAN), Minitab, to yield principal
components for each spectrum and loading plots of each compo-
nent.

The score plot in Fig. 5(a) shows three clusters of data in a score
plot of the first two principal components (PCs), PC1 and PC2, which
together account for 98% of the total spectral variance.

Contributions to the total variance of spectra can be understood
with an examination of the loading plot in Fig. 5(b). The loading
plot indicates that contributions from the band at approximately
393.5 and 397 nm of calcium are associated with a negative PC1,
hence accounting for the position of natural and mineral samples
ol. Biomol. Spectrosc. (2008), doi:10.1016/j.saa.2008.11.028

on the left of the score plot. The emissions at 394.5 and 396 nm
of aluminium account for positive PC1 and PC2. Finally, the silicon
emission at 390.5 nm brings a weaker positive contribution to PC2.

The score plot allows the visualisation of the similarity within
the large set of data, as seen in Fig. 5(a). Differences in the laser

8% of the total variance between 390 and 399 nm can be used to separate different
eakdown spectra. The loading plot (b) indicates the contribution of each wavelength

dx.doi.org/10.1016/j.saa.2008.11.028
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ig. 6. (1) Artificial pigments supplied by (a) C.T.S., (b) Zecchi, (c) Phase. Dimensio
arge crystal particle, (b) smaller particles and other mineral inclusions which are
fghan Lapis Lazuli in plane (a) and plane polarised (b) light. Dimension of images:

nduced breakdown spectra of lapis lazuli and synthetic ultrama-
ine are immediately apparent, and are here due to the presence
f calcium as seen in the loading plot. Importantly, however, LIBS
rom the stone sample yields different and more widely distributed
pectra than those from the pigment samples, likely from the pres-
nce of various impurities in the stone sample in comparison to the
ore homogenous ground pigment samples. Although, the natural

igments contain a large of number of inclusions, as found in optical
icroscopy, the averaging effect of LIBS on the ground samples is

mportant and visualised in the score plot. Finally, only small differ-
nces between the synthetic samples are apparent, and may reflect
ery slight variations in the materials used for the preparation of
he different artificial pigments.

.3. Polarized light microscopy

In order to validate of the results obtained by using pulsed
aman-LIBS measurements, the pigments were investigated using
olarized light microscopy for the identification of the particle size
f the pigment, the particle size distribution, as well as the presence
f other mineral inclusions.

As has been reported by Plesters [1,3], differences between
ynthetic ultramarine and natural lapis lazuli are reflected in the
orphology of particles, in the particle size and in the absence of

ommonly found minerals which are associated with the extraction
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

f the natural pigment.
As seen in Fig. 6(1), all the synthetic pigments are characterized

y very small uniformly sized pigment particles which range from
and up to 10 �m in diameter, with samples from C.T.S. and Zecchi

xhibiting sharper glassy-like particles with relatively well defined
ages: 260 �m × 200 �m, magnification 400×. (2) Lapis lazuli from the Andes: (a)
ularly evident in (c) polarised light. Dimension of images: 260 �m × 200 �m. (3)
m × 200 �m.

edges, ranging in colour from pale to deep blue with increasing
size. In contrast, samples from Phase are spherical and uniform in
size. In polarized light, only very few isolated birifringent inclu-
sions are evident in samples from Zecchi and C.T.S., suggesting the
presence of impurities, and indeed these samples are sufficiently
similar in morphology and inclusions that they may come from a
common supplier. In contrast, the pigment from Phase is evidently
free from inclusions and appears completely dark in polarized
light.

In sharp contrast to the synthetic samples, ground lapis lazuli is
found with a large concentration of different inclusions, and parti-
cles of lazurite with variable particle size and hue. Importantly for
the pigments considered, those originating from the Andes exhibit
large pigment particles of up to 80 �m in length, other smaller sharp
crystals of lazurite in varying shades of blue are found which range
from 20 to 50 �m. In addition, as is evident from the photomi-
crograph in Fig. 6(2), significant inclusions are also found in the
samples. In polarized light, the large (40–50 �m) bright and bir-
ifringent crystals which are ascribed to the large presence of calcite
(and other minerals) are particularly evident.

On the other hand, pigment particles from Afghanistan
(Fig. 6(3)), are much smaller and darker in colour in compari-
son with samples from the Andes. In comparison to the synthetic
pigment samples, pigment particles, although of similar size
(5–10 �m) are more variable in shape and are characterized by
ol. Biomol. Spectrosc. (2008), doi:10.1016/j.saa.2008.11.028

sharp-edged crystals. Further, and similar to the South American
samples, various inclusions (approximately 25 �m × 25 �m) which
are larger than the pigment particles are evident. Small birifrin-
gent inclusions are also observed in polarized light, suggesting the
presence of calcite within the pigment mixture.

dx.doi.org/10.1016/j.saa.2008.11.028


ARTICLE IN PRESSG Model
SAA-6960; No. of Pages 7

6 I. Osticioli et al. / Spectrochimica Acta Part A xxx (2008) xxx–xxx

F
A

3

t
u
e

T
R
v

S

A
A
A

N
N

M

ig. 7. Micro-Raman spectra of artificial ultramarine blue samples: (a) ART01; (b)
RT02; (c) ART03. Bands from calcite are completely absent.

.4. Micro-Raman
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

Micro-Raman analysis carried out on individual crystals from
he pigment samples confirmed the presence of calcite in the nat-
ral pigments. Several spectra were acquired on different areas for
ach pigment samples and are seen in Figs. 7 and 8. The pigments

able 1
aman and laser induced breakdown spectral assignment obtained from six blue ultrama
ery weak. Numbers in parentheses indicate the intensity of selected peaks.

ample Pulsed Raman,
Raman shift/cm−1

Micro-Raman,
Raman shift/cm−1

Raman
relative

RT01 258 258 Lazurit
RT02 548 548 Lazurit
RT03 1096 1096 Lazurit

1644 Lazurit
2193 Lazurit

AT04 156 Calcite,
AT05 258 258 Lazurit

283 Calcite,
548 548 Lazurit

713 Calcite,
1086 Calcite,

1096 1096 Lazurit
1644 Lazurit
2193 Lazurit

IN06 258 258 Lazurit
548 Lazurit
635 Wollast

w
635 971 Wollast
971 1086 Calcite,

1096 Lazurit
1096 1644 Lazurit

2193 Lazurit
Fig. 8. Micro-Raman spectra of natural ultramarine blue samples: (a) NAT05; (b)
NAT04; (c) MIN06. Raman bands from calcite are visible in all the spectra. Micro-
Raman analysis allows the detection of mineral inclusions found within the pigment.
Calcite bands are clearly observable at 1086, 713, 283 and 156 cm−1.

and the stone sample show the characteristic Raman bands of lazu-
−1
ol. Biomol. Spectrosc. (2008), doi:10.1016/j.saa.2008.11.028

rite at 258 cm , corresponding to the bending vibration (�2) of the
S3

− ion, and at 548 cm−1 corresponding to the symmetric stretch-
ing vibration (�1), as found in spectra recorded with pulsed Raman
in Fig. 2. The Raman bands corresponding to the overtones of the
symmetric stretching of the S3

− ion are particularly intense in the

rine blue samples examined. vs: very strong; s: strong; m: medium; w: weak; vw:

assignment, mode,
intensity

LIBS, wavelength/nm
(intensity/counts)

Peak assignment

e, � (S3
−), w 308.2 Al

e, �1 (S3
−), s 309.3 (16,000–18,400) Al

e, 3�1 (S3
−), w 320.2 Ca

e, 3�1 (S3
−), w 390.5 Si

e, 4�1 (S3
−), vw 393.4 (6500–15,000) Ca

394.4 (25,000–30,000) Al
396 Na
396.8 Ca
422.7 Si

T (CO3
2−), w 308.2 Al

e, � (S3
−), w 309.3 (10,500–14,500) Al

L (CO3
2−), w 394.4 (15,000–17,500) Al

e, 2�1 (S3
−), w 396 Al

� (CO3
2−), w 315.9 Ca

�1 (CO3
2−), vs 318.1 (2000–7500) Ca

e, 2�1 (S3
−), w 330.2 Na

e, 3�1 (S3
−), w 383.5 Mg

e, 4�1 (S3
−), vw 384.8 Mg

390.5 Si
393.4 (21,500–30,000) Ca
396.8 Ca
422.7 Ca

e, �1 (S3
−), s 308.2 Al

e, �1 (S3
−), s 309.3 (15,000) Al

onite, � (Si O Si), 315.9 Ca

onite,� (Si O), w 318.1 (21,000) Ca
�1 (CO3

2−), vs 330.2 Na
e, 2�1 (S3

−), w 390.5 Si
e, 3�1 (S3

−), w 393.4 (30,000) Ca
e, 4�1 (S3

−), vw 394.4 (15,000) Al
396 Al
396.8 Ca
422.7 Ca
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rtificial pigments, with vibrations at 1096 cm−1 (2�1), 1644 cm−1

3�1) and 2193 cm−1 (4�1), respectively.
The presence of calcite is confirmed in the micro-Raman spec-

ra of natural pigments by the characteristic bands at 1086, 713,
83 and 156 cm−1, corresponding to the symmetric stretching, the

n-plane-bending and lattice modes (libration (L) and translation
T)) of the CO3

2− group, respectively [30]. Spectra acquired in dif-
erent areas of the stone sample have confirmed the presence of the

ineral wollastonite (CaSiO3) with the bands at 637 and 971 cm−1

s detected in the pulsed Raman spectra which correspond to the
i O Si bending vibration and at the Si O stretching vibration ,as
ndicated in Table 1 [27,31].

The differences between the Raman spectra acquired using a
ulsed laser source and those using the micro-Raman spectrometer
re particularly relevant in the analysis of pigments; here, micro-
aman effectively allows the analysis of the many different mineral

nclusions found within the pigment which is a mixture of different
aterials. Instead, bulk analysis of an average area of the pressed

owdered sample is undertaken with the pulsed-laser setup, hence
ccounting for the lack of bands ascribed to calcite in the Raman
pectrum. On the other hand in LIBS, which is a micro-destructive
echnique, samples an average cross-section or micro-core of mate-
ial, but the intense emissions from calcium are evident even in the
resence of large concentrations of other elements. Table 1 summa-
izes the frequencies of molecules vibrations and atomic emissions
bserved during Raman and LIBS measurements. References to the
ntensity of some peaks has been given.

. Conclusions

Measurements performed with the combined LIBS and pulsed
aman setup provided complementary information that allowed
he characterization of the ultramarine and lapis lazuli pigments.
he analysis of blue ultramarine pigments has been performed
sing a new instrument which yields both molecular and elemen-
al information. Clearly, the trade-off between spatial resolution
nd the ability to perform elemental analysis with the same instru-
ent is of particular interest for the analysis of large paintings

nd objects. One drawback of the current setup is that only bulk
nalysis using both Raman and LIBS can be performed, albeit on a
icrometer scale; this may be a problem for the analysis of works

f art for which specificity and selectivity are particularly impor-
ant. Further improvements are expected to allow transportation
f the instrument which could allow analysis in situ when there
s no possibility for sampling or if there are difficulties in gaining
ccess to a particular object.

Using this instrumentation, the analysis and discrimination of
rtificial and natural ultramarine blue pigments on the basis of the
ontent of the mineral calcite (and to a lesser extent wollastonite)
as been possible. Raman spectra were acquired in ambient or
atural light which was spectrally removed applying a specific tem-
oral gate and delay. The presence of such minerals in the natural
Please cite this article in press as: I. Osticioli, et al., Spectrochim. Acta A: M

lue pigments has been confirmed performing also micro-Raman
pectroscopy measurements by using a commercial apparatus and
olarised light microscopy on pigment samples.

The analysis of standard pigments is a distant analogy to
eal samples, and it is expected that in situ applications of the

[
[
[

[
[

 PRESS
ta Part A xxx (2008) xxx–xxx 7

methods described for the discrimination of ultramarine sam-
ples may be more complex. Weathering agents, pollution or other
sources of calcium contamination are anticipated to compromise
the detection of calcite inclusions within a pigment mixture.
Further, calcium-based materials (lime and gypsum, for exam-
ple) are often employed for the execution of wall paintings, for
the preparation of grounds in paintings and are also found as a
pigment.

More generally, within the context of the analysis of painting
materials, Raman spectroscopy and LIBS can be used to distinguish
the pigments studied and complement microscopic information
obtained using polarised light in transmission. Furthermore this
study highlights the necessity of a multi-analytical approach when
analysing pigments and works of art.
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