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a  b  s  t  r  a  c  t

Underwater  LIBS  is an  evolving  technology  which  offers  unique  advantages  over  traditional  methods,  not
only  do  it  offers  the  composition  of  liquids  with  high  reliability;  it also  provides  the  elemental  composition
of  solids  with  little  or no user  manipulation.  Because  of  this  advantage,  LIBS  has  been  used  as  a tool  for
inspecting  materials  in  underwater  archaeology,  where  knowledge  of the  chemical  composition  may
provide valuable  clues  on  the  origin  of materials  in  shipwrecks  and  submerged  buildings.  This  study
attempts  to provide  undersea  LIBS  instrumentation  with  the  data  processing  tools  intended  to  make
shipwreck  inspection  surveys  easier  and  faster.  The  new  tool  has  been  designed  to sort  the  readings
obtained  by  a LIBS  system  when  inspecting  unknown  pieces  found  in the sea  bottom  and  assign  their
composition  to one  of  several  groups  of common  materials  found  in  shipwrecks.  The  tool  involves  linear
discriminant  analysis  that  was  first  validated  in the  laboratory  with  a training  set  of samples  collected
ultural heritage from  wreckages.  Then,  the  method  was  used  in an  underwater  survey  in  the Mediterranean  Sea  to sort  the
materials found  in a shipwreck.  In combination  with  high-definition  video  recording,  this  approach  can
provide  an  understanding  of the  materials  and  a permanent  record  of the unknown  assets,  this  eliminating
the need  for  underwater  archaeologists  to make  handwritten  notes  of  individual  pieces  while  surveying
shipwrecks.

© 2017  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

Underwater cultural heritage is a rich source of information and
 window to the past. In fact, the presence of specific elements
either greater or lesser percentage) in an archaeological mate-
ial, namely chemical fingerprints, is of great interest for a better
nderstanding of its age, provenance and manufacturing technol-
gy. Discovery of amphoras, cannons and metallic artefacts in their
rchaeological context could provide further information concern-
ng the age and nationality of a shipwreck [1]. However, the severe
onditions of the marine environment change the appearance of
he underwater sites and distorts the idyllic image of the shipwreck
ntil blending with the surroundings. Hence, artefacts and struc-
ures may  be uncovered beneath sediments, chemically altered or

ven destroyed.

Recent advances in electronic engineering, underwater robotics
nd novel systems for processing and image recognition make

∗ Corresponding author. Tel.: +34 951953007.
E-mail address: laserna@uma.es (J.J. Laserna).
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296-2074/© 2017 Elsevier Masson SAS. All rights reserved.
localization of underwater archaeological sites much easier than in
past. However, underwater archaeology still requires the develop-
ment of screening techniques for the in-situ recognition of findings.
A restricted number of laser-based techniques (i.e. Raman, LIBS
and LIF) have proven to be useful for this purpose [2–4]. Specifi-
cally, LIBS is really appreciated as is the unique that could provide
atomic information from the spectral signature of underwater
objects [5,6]. Additionally, LIBS combines valuable attributes (no
sample preparation, minimally destructive, fast analytical response
and possibility of remote sensing analysis), specially demanded in
cultural heritage preservation and investigation [7,8]. It’s worth
mentioning that underwater LIBS analysis is not a trivial task and
several research groups have proposed different alternatives for
improving LIBS sensitivity inside liquids [9–11]. In this sense, the
dual pulse excitations being the most common approach proposed
in the literature [12–14]. However, problems related to the use
of two  laser sources, the precise alignment needed and synchro-

nization in data acquisition are obstacles for its implementation in
field analysis [15,16]. The instrumental development was further
investigated until 2012 when Guirado et al. [17] published the first
in-situ undersea LIBS analysis of solid materials, at a depth of 30 m,

https://doi.org/10.1016/j.culher.2016.12.015
http://www.sciencedirect.com/science/journal/12962074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2016.12.015&domain=pdf
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sing a fiber-based LIBS system. Later, a new generation of LIBS
nstruments based on transmission of a collinear sequence of multi-
ulses through the optical fiber cable was proposed by the same
uthors to improve the performance of the technology [18,19]. An
rchaeological shipwreck situated 17 m deep was inspected using
his approach [20].

In subaquatic archaeology, quantitative information turns cru-
ial for planning restoration/conservation activities and taking
ecisions about whether the object should be moved from the
nderwater site or not. Nevertheless, LIBS strongly depends on
atrix effects, pulse to pulse fluctuations, plasma-solid inter-

ctions, among other factors. In this sense, a broad number of
undamental studies have been reported to overcome the so-called
ractionation effect [21–24]. Certain procedures such as internal
tandardization, background normalization, calibration-free analy-
is and the use of a double-pulse configuration has been explored so
ar for quantitative analysis of submersed materials. Most recently,
uirado et al. [25] evaluated the use of multi-pulse (MP) excita-

ion as an effective solution to mitigate the fractionation effects
bserved in LIBS analysis of copper-based alloys. MP-LIBS also
revents the effect of ambient pressure on LIBS signal, thus demon-
trating the feasibility of LIBS for quantitative analysis of bronze
aterials in a real underwater site.
In such a scenario, development of spectral libraries and data

rocessing algorithms also improve the capability of LIBS for field
easurements. Hence, from an archaeological point of view, both

ualitative and quantitative information extracts compositional
vidence that together with the use of chemometric methods may
dentify specific materials which could be related to ancient man-
facturing or production processes [26]. A number of statistical
ethods including linear and rank correlation, principal compo-

ent analysis (PCA), partial least-squares discriminant analysis
PLS-DA) and soft independent modeling of class analogy (SIMCA),
mong others have proved to group and classify ancient artefacts in
rchaeometric analysis [27]. In this work, a classification method is
valuated for the identification of chemical fingerprints in ship-
recks. A variety of archaeological objects has been previously

haracterized in laboratory using essentially the same operational
onditions than those found undersea in order to ensure the effec-
iveness of the method during the recognition process in the site.

oreover, a set of sheathings from different shipwrecks were ana-
yzed with the objective to perform a chronocultural sorting of
hese structural pieces. Based on this procedure, findings from the
hipwreck of San Pedro de Alcántara (Malaga, Spain) were directly
lassified into metallic alloys, ceramics, rocks or marbles.

. Materials and methods

The remote LIBS instrument and its construction have been
escribed in a recent paper [20] so only a brief description of the

nstrument is given here. The system consists of two well-defined
arts: a hand-held probe and a main unit, interconnected by means
f an umbilical cable. The main unit comprises the optical module
or laser-fiber coupling, the data acquisition module and the laser
ower supply.

The optical module consists of a polymethyl methacrylate struc-
ure, specially adapted in order to prevent the deposition of
articles from the marine environment at the tip of the optical
ber. The module contains the laser head (Q-switched Nd:YAG laser
perating at 1064 nm,  Brilliant) and all the optical arrangements for
aunching the laser radiation into the fiber-optic cable (mounted in
 xyz stage) and collecting the plasma light for the transmission to
 spectrograph. The laser beam is transmitted through a 55-m long
ber optic cable that travels inside an umbilical cord which con-
ects the probe to the optical module. At the end of the fiber, the
ural Heritage 29 (2018) 75–81

hand-held probe focuses the laser beam onto the sample surface by
an appropriate optical configuration. With this configuration, the
spot size was  established at 450 �m in diameter.

The same optical fiber is used for light gathering purposes. The
plasma light is collected and returned to the optical module, where
it is conducted to the data-acquisition module using an optical
system used to focus plasma light into the spectrometer fiber-optic
cable (2 m length, 600 �m diameter, NA0.22). The data-acquisition
module, consisting of the spectrometer, the video converter and the
PC components, was  installed in the main unit. A pulse/delay gen-
erator (which externally controls the system) was also configured
within this module. The spectrometer is a crossed Czerny-Turner
design with a holographic diffraction grating of 1200 lines mm−1

(Avantes, model AvaSpec-2048-USB2). This configuration provides
a spectral resolution of 0.1–0.2 nm/pixel in the spectral range of
300–550 nm.  AvaSoft software was employed for controlling the
spectrometer and for data processing. The acquisition delay was
established in 1 �s which corresponds to the best signal-to-noise
ratio (SNR) for the LIBS signal. The irradiance value at sample
surface was  1.6 GW cm−2. And all underwater analysis was  carried
out using 5 bars of argon as a purge gas. The Statgraphics

®

statistics software package was  used for chemometrics
analysis.

3. Results and discussion

3.1. Classification method for archaeological artefacts

Given the great compositional diversity, textural differences
and surface alteration of the submersed cultural heritage, the use of
advanced statistical algorithms is essential for the recognition and
sorting of underwater findings. For this purpose, linear discrim-
inant analysis (LDA) was  used to generate a classification model
from which unknown samples will be predicted in site on the basis
of their LIBS response. As a supervised algorithm, a LDA model
based on the spectra acquired from a set of known archaeological
samples was constructed. LDA evaluates the relative weights of
the original variables for group discrimination and score the sep-
aration between multiple classes [28–30]. Afterwards, the model
predicts the probability that an unknown sample belongs to each
class.

A set of 38 objects collected from several archaeological ship-
wrecks was first studied. To simulate the experimental conditions
of a subsea environment, samples were immersed and analyzed in
a water tank in our laboratory. Because of the large variety of sam-
ples used in this study, objects were divided into different groups
for chemometric analysis, i.e. bronze-alloys (10 samples), metallic
pieces (18 samples), ceramics (5 samples) and marbles (5 sam-
ples). LIBS spectra were acquired in the 350–550 nm spectral range
and their intensities normalized to unity for comparative purposes.
Data were acquired by averaging the response of 50 laser shots on
three adjacent positions for each sample. However, the whole LIBS
spectra were not considered as input data. From the initial informa-
tion of 2048 data points, only 10 spectral variables were considered
for analysis. The selected variables were Cu (I) 510.55 nm, Zn (I)
481.05 nm,  Sn (I) 452.47 nm,  Pb (I) 405.78 nm,  Fe (I) 438.35 nm, Ca
(I) 422.67 nm,  Mg  (I) 517.26 nm,  Si (I) 390.55 nm,  Sr (I) 407.61 nm
and Ti (I) 498.17 nm.  In addition, the presence of Ca, Mg,  Si and Ti
in metallic samples is associated to the deposition of sedimentary
material on the sample surface. The first discriminant function has
the expression:
F1 = 2.7 · ICu + 2.4 · IZn + 22.8 · ISn + 0.8 · IPb + 2.7 · IFe − 7.2 · ICa

− 1.2 · IMg − 3.8 · ISr − 6.0 · ISi+Ti + 0.59
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Table  1
Prediction groups membership for training set samples. ID sample is constitutes by a letter and two numbers as follows: the letter represents the type of sample (A: copper
based  alloy; M:  metal; C: ceramic; B: marble), the first number corresponds to the shipwreck (I: Delta II, II Delta III) and the second to a number in the group classified.

ID Prediction group membership (%) ID Prediction group membership (%)

Alloy Metal Ceramic Marble Total Alloy Metal Ceramic Marble Total

AII1 100 0 0 0 100 MI12 0 100 0 0 100
AII2  100 0 0 0 100 MI13 0 100 0 0 100
AI1  100 0 0 0 100 MI14 0 100 0 0 100
AI2  100 0 0 0 100 MI15 0 100 0 0 100
AI3  100 0 0 0 100 MI16 0 100 0 0 100
AII3  100 0 0 0 100 MI17 0 100 0 0 100
AII4  99.4 0.6 0 0 100 MII9 0 100 0 0 100
AII5  100 0 0 0 100 MI18 0 100 0 0 100
AI4  99.9 0.1 0 0 100 MII10 4.2 95.8 0 0 100
AII6  94.7 5.3 0 0 100 CI19 0 0 100 0 100
MII7  3.3 96.7 0 0 100 CI20 0 0 100 0 100
MII8  0 100 0 0 100 CI21 0 0 100 0 100
MI5  0 100 0 0 100 CI22 0 0 100 0 100
MI6  0 100 0 0 100 CI23 0 0 100 0 100
MI7  0 100 0 0 100 B1 0 0 0 100 100
MI8  0 100 0 0 100 B2 0 0 0 100 100
MI9  0 100 0 0 100 B3 0 0 0 100 100
MI10  0 100 0 0 100 B4 0 0 0.2 99.8 100

B5 0 0 0 100 100
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here In is the intensity of each element line. This function has an
xcellent canonical correlation, 0.98, that is its relative ability to
iscriminate amongst the groups. The second function is:

2 = 1.8 · ICu + 3.8 · IZn + 24.8 · ISn − 0.2 · IPb − 0.8 · IFe

+ 2.5 · ICa − 1.8 · IMg − 1.5 · ISr + 9.4 · ISi+Ti − 2.0

hich also exhibits a good canonical correlation (0.91). Neverthe-
ess, the statistics treatment scores Wilk’s lambda values of 0.0013
or F1 and 0.03 for F2, which suggests that the variables selected
or the linear discriminant analysis are appropriate for sample dis-
rimination. Both functions also have a very high significance level
f Chi2 statistics, 201 and 106 for F1 and F2, respectively.

The coefficients associated to different elements calculated by
he software for discriminant functions give information about
he relative contribution of each spectral line to the separation of
roups. Thus, large coefficient values, such as those associated to
n or Si ± Ti spectral lines, contribute to a larger extent to group
iscrimination. For instance, tin is present in alloys whereas it is
irtually absent in metals, ceramics and marbles. The software then
ssigns a large coefficient to this element to enable the separation
f alloys from the other groups. Similarly, Si and Ti help in the sepa-
ation of ceramics. Since the lines of these elements in the selected
pectral window are weak, the intensities were summed to allow

 better separation.
Positive and negative coefficients also contribute to separation

mong groups. The LDA software assigns positive coefficients to the
lloying elements in bronzes and metallic pieces; in contrast, neg-
tive coefficients characterize strongly dissimilar materials such as
eramics and marbles.

The classification functions generated by the proposed model
ere validated with the training set of samples. Table 1 summa-

izes the classification of each sample based on the proposed model.
t’s worth mentioning that all samples were identified without
xceptions. A scatter plot of the first two discriminant functions
s presented in Fig. 1. As shown, samples are separated in four
lasses or groups attending to the type of material previously
escribed in the “supervised” model. Bronze alloys and metallic

ieces are grouped in the right-hand side of the graph, whereas
eramics and marbles are grouped in the second and third quad-
ant of the scatter graph, respectively. The centroid of each group
s also marked in the graph. The model has been checked in our
Fig. 1. Scatter plot of the first two canonical discriminant functions containing the
four  groups defined in the method.

laboratory with a set of sheathings simulating the experimental
conditions of a subsea environment. Furthermore, it has been tested
during the underwater inspection of the wreck of San Pedro de
Alcantara.

3.2. Chronological sorting of metallic sheathings

Since the Phoenician times, the use of sheathings in wooded-
hulled vessels has been extensively tested to prevent wood
degradation by the action of seawater, bivalve molluscs and algae.
Sheathings were also used to improve the operability of the boat.
The type of sheathing has evolved with time so the knowledge of
elemental composition of this kind of samples makes it possible
the assignment of the manufacturing period and provides clues to
uncover the ship’s origin [31].

A set of sheathing pieces belonging to different shipwrecks
were analyzed in a water tank in an attempt to provide information
about the geographical origin of the shipwreck that could be helps
us to understand its historical context. In addition, this set of four
samples will be used to evaluate in laboratory our chemometric

model described in Section 3.1. Samples were found in the under-
water archaeological sites of “Delta I” (XVII century, Spanish), “Delta
II” (XVI century, Italian), “Mercante de San Sebastian” (XVIII century,
Spanish) and “Fougueaux” (XVIII century, French). A chronocultural
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Fig. 2. Chronocultural sorting of evolution of sheathing’s composition from

orting of the sheathings analyzed by LIBS is presented in Fig. 2. The
ain emission lines are labeled in the spectra. As seen, the squares

imit the timeline in two  periods, depending on the sheathing
omposition. Thus, lead-based sheathings were early introduced in
he XV century in Portuguese and Spanish arsenals and its use was
xtended until the XVII century [31]. This fact is easily observed
n the sheathings belonging to Delta I and Delta II, as revealed
y the LIBS spectra sketched in the figure. In the XVIII century,

ead-based sheathings were substituted first by copper and then
y copper-based alloys. As shown in Fig. 2, the LIBS spectra of
ercante de San Sebastian and Fougueaux in chronological order. In

ddition, the presence of minor components such as zinc, iron or
ead, as observed in the spectrum corresponding to the Fougueaux,
ould indicate its country of origin. Hence, it exists a clear evolution
f the sheathing’s composition from lead to copper based alloys
hat could be related to a period of history or even to the country
f manufacture of the shipwreck.

On the other hand, the intensity of emission lines of this set of
heathings has been used to check in laboratory our LDA model
roposed in Section 3.1 using samples different to the training set.

n this case, the discriminant functions (F1 and F2) have been able to
ssign successfully the samples as metallic sheatings corresponding
o Delta I, Delta II and Mercante de San Sebastian and a bronze-alloy
s part of the Fougueaux.

.3. Identification of objects in shipwrecks. The wreck of San
edro de Alcantara

The wreck of San Pedro de Alcantara, located in the South of Spain,

as discovered 10 m deep over a sandy bottom area. The wreck
resents a military-structure type with a beam of 60 m, 10–12 m
f breadth. The structure of the boat is covered by sediments, cal-
areous deposits and marine algae. Prior to the LIBS measurement
 to copper based alloys. The main emission lines are labeled in the spectra.

campaign, a site survey was accomplished by the archaeologists
from the Centro de Arqueología Subacuática de cádiz (CAS) who
located archaeological pieces from the remains of the wreck and
removed the concretion layer from the sample surface.

The LIBS instrument was  deployed on the vessel’s board while a
diver operated the LIBS probe in the sea bottom. The input pressure
for underwater analysis was set to 5 bars, the maximum pressure
supported by the system. The use of a gas purge is of key importance
for preventing the admittance of water into the LIBS probe and
create a solid-gas interface for LIBS analysis. Given the high alter-
ation degree of the samples inspected, we decided to use argon as
a purge gas, which provided a larger LIBS intensity when compared
to air.

A large number of archaeological objects were discovered and
analyzed by LIBS during the survey. Fig. 3 shows parts of the ship-
wreck and the LIBS probe operated by a diver. To assign the typical
spectrum of a material and in order to ensure the reproducibil-
ity of the results, data were acquired by averaging the response
of 50 laser shots on three adjacent positions for each sample.
Then, acquired spectral intensities were normalized to unity for
comparative purposes. Each object exhibits a distinctive chemi-
cal that was introduced in the classification method developed in
Section 3.1. From the canonical discriminant functions described
there, the unknown findings from the wreck were grouped into sev-
eral categories easily. Fig. 4 presents the classification of the set of
unknown objects. As shown, samples from the subsea archaeologi-
cal site were unequivocally classified in each of the aforementioned
groups. The scatter points (in grey color) from the set of samples
employed for modeling the classification method are also plotted

in the graph. Results for the unknown samples classification are
summarized in Table 2. Objects were correctly identified as four
bronze alloys, eight ceramic fragments, seven metallic pieces and
four marbles.
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Table  2
Prediction groups membership for unknown samples. ID sample is constitutes by a letter represents the type of sample (A: copper based alloy; M:  metal; C: ceramic; B:
marble) and a number in the group classified.

ID Prediction group membership (%) ID Prediction group membership (%)

Alloy Metal Ceramic Marble Total Alloy Metal Ceramic Marble Total

A1 100 0 0 0 100 C4 0 0 100 0 100
A2  100 0 0 0 100 C5 0 0 100 0 100
A3  100 0 0 0 100 C6 0 0 100 0 100
A4  99.4 0.6 0 0 100 C7 0 0 100 0 100
M1  0 100 0 0 100 C8 0 0 100 0 100
M2  0 91.2 0 8.8 100 M8 0 100 0 0 100
M3  0 100 0 0 100 M9 0 100 0 0 100
M4  0 100 0 0 100 M10  13 87 0 0 100
M5  0 100 0 0 100 A5 88.7 11.3 0 0 100
M6  0 100 0 0 100 B1 0 0 0.5 99.5 100
M7  0 100 0 0 100 B2 0 0 0 100 100
C1  0 0 100 0 100 B3 0 0 0 100 100
C2  0 0 100 0 100 B4 0 0 0 100 100
C3  0 0 100 0 100

Fig. 3. Photographic detail of the structure of the boat (A), and diver operating the
LIBS  probe in the wreck of San Pedro Alcántara (B).

Fig. 4. Classification scatter plot of the first two canonical discriminant functions
of modeling developed. The scatter points in grey color corresponds to the set of
samples employed for modeling the classification method and colored spheres rep-

resents the set of unknown objects.

Fig. 5 shows a drawing top view of the shipwreck in which
the bow is oriented to the northwest position and the aft, to the
southeast. The drawing describes the state of conservation of the
wreck, where the shipwreck structure is observed, as well as the
way is distributed along the site. The locations of the archaeologi-
cal pieces are also indicated. Chemical composition of each object
is detailed as a bar diagram inset. As shown, various types of sam-
ples were identified as defense material such as two iron canons
(M2, M4)  and a canon bullet (M3) composed of iron with man-
ganese as a minor constituent. On the other hand, pieces of crew
clothing present a chemical composition based on copper alloy
with zinc in the case of jacquet button (A2) and zinc-lead in the
case of the belt buckle (A4). Regarding to ceramic fragments, in
general, are constituted by calcium, magnesium, aluminum, iron,
silicon, strontium and titanium; although pieces C3, C5 and C7

also contained lead. Some unidentified pieces show a variable
chemical composition such as metals copper-lead (A3) alloy, and
copper-zinc-lead (A1) alloy; and lead (M1, M7)  or iron (M5, M6)
metals.
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Guirado and at the same time the huge ability to commit, work
and peerless dedication of CAS’s archaeologists Carmen García
Rivera, Milagros Alzaga, Josefa Martí, Nuria Rodríguez and Aurora
Higueras-Milena.
ig. 5. Schematic drawing of the shipwreck. The inset bar diagrams represent the c

. Conclusions

Using a LIBS sensor deployed on a small vessel, a hand-held
robe was submersed by a diver to the shipwreck of San Pedro
e Alcantara located in the South of Spain over the Mediterranean
ea. LIBS data from a variety of objects found in the wreck were
ollected, logged and accurately geo-positioned for post survey
nalysis. In addition to metallic objects, refractory materials such
s rocks and ceramics were analyzed. Although algae and calcare-
us deposits had to be removed from the sample surface before
he analysis, the LIBS system constitutes a significant step forward,
llowing the acquisition of a consistent set of spectral data that
an be treated by a software based on linear discriminant analysis
or assigning the chemical identity of the object. The information

hus gathered provides valuable data on the identity of shipwrecks
ocated in coastal waters.
al composition of each object and the locations of the archaeological findings.
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