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Raman spectroscopy and X-ray fluorescence spectrometry are powerful
analytical techniques that allow for molecular and elemental analysis, respec-
tively. Recent developments allowed for the miniaturization of equipment to
an extent that in-situ experiments become available. There are many ad-
vantages in using portable instruments, but this requires sacrifices regarding
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the acquisition of the spectra and the quality of the analysis. How much
information is lost with this exchange is not clear, neither how important
this is for the use of these techniques as forensic tools. In this work, the
damage of a façade of Villa Belza, a historic building in Biarritz, France, was
evaluated using both portable and benchtop versions of X-ray fluorescence
(XRF) and Raman spectroscopy and the approaches were compared. As the
comparison of instruments designed for different conditions is not straight-
forward, the authors use a number of settings to discuss what would be a
realistic juxtaposition of results and how this affects the diagnosis of the
structure. Furthermore, some hand-held XRF spectrometers are not con-
nected to appropriate software to proceed with the data treatment and the
processing of such signals can be tedious or too time consuming. Thus this
work also proposes an algorithm for the automatic identification and com-
parison of elements in the XRF spectra acquired on site. After discussing the
trade-off involved with each technique and the respective effect in the limit
of detection, the authors conclude that the extra information from benchtop
instruments was negligible for this case study.

Keywords: in-situ analysis, X-ray fluorescence, Raman spectroscopy, stone
weathering

1. Introduction

Marine salts are easily carried by wind, which represents cumulative depo-
sition in near sea structures. Given common environmental changes, namely,
the variation of temperature and relative humidity, these salts go through dis-
solution and precipitation cycles that can cause both mechanical and chem-
ical damage [1, 2]. The interaction of building materials with those salts is
rather complex, with multiple effects taking place simultaneously [3, 4].

One of the most common forms of deterioration is the cracking and sub-
sequent loss of material by the crystallisation of the salts in pores (subflores-
cence). If the crystallization occurs on the surface, it is called efflorescence
and the only damage is aesthetic. However, underneath the surface, crys-
tallization pressure can exceed the capacity of the material in a sufficiently
large volume to create a fracture, which is driven by the generation of super-
saturation in the solution [5]. Common mechanisms that cause such levels of
supersaturation in nature are, the drying of a material imbibed with a saline
solution, inducing salt precipitation at the location of the drying front, or
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the change between phases of a salt in which the solution is in equilibrium
for one phase and supersaturated with respect to another (as is the case for
sodium sulphate conversion from mirabilite to thernadite) [6].

Additionally, the presence of certain compounds can create favourable
conditions for the extraction of calcium from calcite (CaCO3) and Port-
landite (Ca(OH)2), two of the major components of stone and mortar. This
is often seen in building materials contaminated with sodium sulphate [7, 8]
or nitrates [9, 10]. The dissolution of such phases combined with humid-
ity cycles causes leaching, which can significantly increase the porosity of
the matrix while reducing its strength [11, 12] in addition to the aesthetic
damage.

Thus, the visual identification of salts in coastal structures can signalise
different processes taking place. In order to perform preventive or correc-
tive measures, it is first necessary to identify the dominant form of damage,
which usually requires knowledge of present compounds and comparison with
undamaged material.

Raman spectroscopy and X-ray fluorescence (XRF) are very popular tech-
niques with vast applications in archeology [13, 14], art conservation [15, 16],
and, more recently, built heritage preservation [17, 18]. The use of Raman
analysis provides molecular characterization, which can aid in the inference
of reactions taking place in the studied medium. In the context of construc-
tion materials, this technique can identify both main components and trace
elements of building stones and cementitious materials in addition to com-
mon nitrates and sulphates and some of their degradation products [9, 19].
On the other hand, X-ray fluorescence provides elemental composition. This
type of information can help to distinguish between similar materials or even
trace back their origins [20] or type [21]. Also, the ingress of aggressive agents
can be detected and quantified [22].

Current developments allowed for the miniaturization of such instruments
to a degree of field use being possible. In the construction industry, in-situ
analysis avoids a number of problems associated with coring [23], such as:
damaging of the sample’s microstructure by the mechanics of extraction; the
exposure of inner sections to the atmosphere, allowing reactions with com-
mon gasses; the need for re-sampling posterior to analysis; and others. In
the cultural heritage field, the use of this type of analysis presents the pos-
sibility of a completely non-destructive characterization, avoiding the loss of
historical patrimony [24, 25]. Thus, there is a big interest in the passage from
laboratory techniques to in-situ analysis. However, it is not clear how much
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information is lost by using only portable devices, and more importantly,
how significant that loss is for the overall evaluation.

The focus of the present work is in the comparison between the data
extraction, processing and analysis of hand-held instruments against their
benchtop alternatives. Specifically, the use of X-ray fluorescence and Ra-
man spectroscopy with the goal of characterizing the state of a historical
construction. Attention is given towards the methodology chosen to inter-
pret and compare the data and how this affects elemental sensitivity and the
analysis of the results.

Furthermore, commercial devices not previously devoted to research often
lack an accompanying software to handle large amounts of data in manage-
able time, this is the case for the hand-held XRF spectrometer used in this
work. Thus, a MATLAB R© script was created to read the spectra as given by
the instrument, assign an element to each peak and generate a user friendly
data output while reducing the processing time from many hours to tens of
seconds. The accuracy and limit of detection of such algorithm is compared
to the manual procedure and both are judged based on what was found in
the analysis performed in the laboratory.

2. Materials and methods

2.1. Sampling and in-situ campaign

The object of study was a five stories building called Villa Belza, built
from 1880 until 1895. The construction is situated in the coast of Biarritz,
France, with direct exposition to sea spray (Figure 1, top). In 2017 the
owners decided to perform a renovation due to severe deterioration of the
façade. Upon inspection, a number of points presented precipitation of salts
and loss of material at the surface, thus, many samples were extracted prior
to the renovation works, in order to determine the causes of deterioration.
This paper presents the analysis of the material on the ground entrance from
the south-east direction (Figure 1, bottom).

As it can be seen, the location had different materials composing the en-
trance, nine points were chosen to represent all structural components there.
The location of all points is denoted in red in Figure 1, bottom. For simplic-
ity, the stone samples were named S1 to S4 and the mortar samples M1 to
M5. Samples S1 and S2 were composed of limestone, S3 was Bidache stone,
S4 was made of the natural stone at this location, M1 to M4 were render-
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Figure 1: Top, left: Location of Villa Belza in France. Top, right: Satellite photo of
structure. Both top images are provided by Google Maps, the red arrow represents the
direction and position of the image on the bottom right. Bottom, left: Southeast view of
Villa Belza as of 2014 [26]. Bottom, right: Position of each sample regarding the location
of in-situ analysis and core extraction.

ing mortars of a recent restoration, and M5 was a mortar from a previous
restoration with unknown age.

In order to obtain representative results on each sampling area and each
material type, at least three were acquired in-situ using the portable instru-
ments. In this way, more than three Raman spectra and six XRF analyses
were acquired per location and thereafter cores were extracted. XRF had
six tests because two settings of the X-ray tube were used to detect not only
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heavy elements, but also the light ones, as described elsewhere [21]. Af-
ter in-situ studies, the cores were brought to the laboratory, where Raman
and XRF spectra were collected with benchtop instruments, taking care to
analyse the exposed face that was previously analysed in-situ.

2.2. Instrumentation

2.2.1. Hand-held instrumentation

The mineralogical composition was determined in-situ through Raman
analysis carried out with a portable innoRam spectrometer (B&W Tek Inc.,
Newark, USA), equipped with a 785 nm excitation laser. The laser power
is approximately 300 mW at the source and about 200 mW at the surface
of the analyzed sample. The instrument implements a controller of the laser
power fixable from 100% to 1% of the laser. The spectral range was acquired
between 65 and 3000 cm-1 with a resolution of 4 cm-1 at 912 nm. The
instrument implements a TE cooled (20 oC) back-thinned, 2D binning CCD
detector. Raman spectra were recorded using the BWSpec TM 3.26 software
version (B&W Tek Inc), after a daily calibration with a silicon chip using

the 520.5 cm-1 Raman line.
The in-situ elemental analysis was carried out using an XMET5100 (Ox-

ford Instruments, UK) hand-held energy dispersive X-Ray fluorescence spec-
trometer (HH-ED-XRF). The instrument is equipped with a Rh tube working
at a maximum voltage of 45 kV. The spot size of the emitted X-Ray beam
is 9 mm. The analyzer includes a Peltier-cooled silicon drift detector (SDD)
of high resolution that is able to provide an energetic resolution of 150 eV
(calculated for the Mn Kα line). The analyzer contains a PDA to control the
spectrometer and also to save the spectra and semi-quantitative information.
To determine the presence of the heaviest elements (Z > Ti) the voltage and
current of the X-Ray tube was set at 40 kV and 15 μA respectively and the
spectra were acquired during 100 seconds (real time) in order to improve the
signal-to-noise ratio of trace elements. Additionally, to remove the ”pinches”
Bremsstrahlung and improve the detection of heavier minor and trace ele-
ments, a 500 μm Al filter was used. In order to improve the detection of the
lighter elements (Z < Ti), additional measurements were performed without
the Al filter and at lower voltage (13 kV) and higher current (45 μA) during
70 seconds, real time. To determine possible contributions from the set-up of
the instrument (e.g. detector) and possible contaminations of the XRF ana-
lyzer window, 20 repetitive spectra of an instrumental blank (a PTFE block)
were acquired before each measurement batch. The used PTFE block was

6



cleaned before its use in a 20% nitric acid bath during 24h. Before its use, it
was rinsed in Milli-Q water and dried. Before each measurement batch also
the spectrometer energy calibration was checked using the option available in
the instrument control software and the metallic surface provided by Oxford
Instruments. For the repetitive measurements, the same spectral conditions
(voltage, current, filter and test time) as those used for the analysis of the
areas under study were considered.

2.2.2. Benchtop instrumentation

For the laboratory micro-Raman analyses, an inVia Renishaw confocal
Raman microspectrometer (Renishaw, Gloucestershire, UK) coupled to a
DMLM Leica microscope with 5x, 20x and 50x long working distance lens
was used. For the analysis of all the building materials from Villa Belza,
a 785 nm (nominal laser power 350 mW) excitation laser was used. The
laser was set at low power (not more than 1 mW at the sample) in order
to avoid thermal decomposition. The spectrometer was calibrated daily by
using the 520.5 cm-1 Raman band of a silicon chip. Data acquisition was
carried out using the Wire 4.2 software package (Renishaw). Spectra were

acquired between 105 and 1350 cm-1 spectral region, which corresponds to
the fingerprint area of the compounds of interest, during 1-10 s and several
scans (between 1 and 20) were accumulated for each spectrum in order to
improve the signal-to-noise ratio.

The study of the elemental composition in the laboratory was done with
an M4 TORNADO Energy Dispersive X-ray fluorescence spectrometer (Bruker
Nano GmbH, Berlin, Germany). This instrument is equipped with a micro-
focus side window Rh X-ray tube powered by a low-power HV generator and
cooled by air. It can work using polycapillar lenses, which allow performing
both single point measurements down to 25 μm of lateral/spatial resolution,
and Hyper Maps to determine the distribution of each element detected in
the collected fragments. Additionally, a second X-ray tube is present using a
mechanical collimator, which possesses a spatial resolution of 1 mm, but can
avoid secondary effects (e.g. diffraction peaks) created by the polycapillar
lenses. The use of a bigger lateral resolution through a mechanical collima-
tion also reduces the X-ray flux on the sample, affecting the limit of detection
of the light elements (e. g. Na and Mg). For the focusing of the area un-
der study, two video-microscopes were used, a low magnification one (1 cm2

area) for the exploration of the sample and a higher magnification one (1
mm2 area) for the final focusing. The spectral acquisitions in this work were
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performed at the maximum allowed voltage (50 kV) and current (600 μA, 700
μA) for each respective tube. A XFlash silicon drift detector with 30 mm2

sensitive area and energy resolution of 145 eV for Mn-Kα was used for fluo-
rescence radiation detection. In order to improve the detection in a similar
manner than with the hand-held device, measures were performed with and
without an Aluminium filter of 630 μm. Moreover, measurements were ac-
quired under vacuum (20 mbar), which was achieved with a diaphragm pump
MV 10 N VARIO-B. The live time used for each punctual measurement was
300 seconds.

Before each measuring batch, a routine calibration and quality manage-
ment procedure was applied in order to ensure an acceptable quality of the
obtained spectral information. This procedure encompasses the spectrome-
ter energy calibration, and the verification of possible contaminations in the
detector and lens alignment. When the polycapillar lens was used, the X-
ray spot alignment was also verified. In the case of the 1 mm mechanical
collimator it is not necessary to verify it, since the collimation is achieved
using a mechanical piece which does not include any lens that can be un-
aligned prohibiting a deviation in the X-ray spot guided to the sample. The
spectrometer energy calibration was done selecting the corresponding maxi-
mum pulses according to the used detector, measuring a Zr disc provided by
Bruker Nano GmbH and selecting its Kα line for the final energy calibration.
The obtained Zr spectrum was included in the calibration control chart in
order to control possible decreases in the counts registered for this element
and thus, to monitor the live of the X-ray tube. For the X-ray spot align-
ment verification, a specific surface provided also by Bruker Nano GmbH
which allows to observe the X-ray beam was used. If a certain deviation in
the alignment is detected, the software implemented allows for its correction.
Finally, for the verification of possible contaminations in the detector and
lens alignment, the methacrylate inside the instrument chamber where the
samples are usually placed was used. A specific measurement at 50kV, 200
mA during 60 seconds under vacuum (20 mbar) was programmed using the
set-up of the instrument which includes the polycapillar lens. The measure-
ment was done in a specific XYZ coordinate of the table, to compare the
obtained result with previous measurements done in the same position and
registered in a control chart. The obtained measurement should be inside
the interval of the control chart with an intensity delta (parameter of the
software controlling the instrument) lower than 5%.
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2.3. Data analysis

The interpretation of the unknown Raman spectra was carried out by
comparison with the Raman spectra of pure standard compounds collected
in the e-VISNICH dispersive Raman database [27]. Additionally, free Ra-
man databases (e.g. UCL [28] and RRUFF [29]) were also considered for the
assignation of Raman bands. The M4 TORNADO software (Bruker Nano
GmbH, Berlin, Germany) allowed the acquisition of semi-quantitative ele-
ment calculation after a previous elemental assignation and deconvolution
on the XRF spectra acquired in the laboratory.

Regarding the XRF spectra collected in-situ, the instrument does not
possess an interpretation software. The freeware EzDataTM can be used to
accomplish the task, but it requires manual selection of each peak in each
spectra and posterior assignation of elements, which can be very time con-
suming. For this reason, a MATLAB R© script was developed for automation
of the process [30]. In the code, the elemental identification is based on the
energies published by Barden [31], considering only K and L lines. The algo-
rithm looks for any element with an emission line within a maximum distance
d from the center of the peak in question and produces a list. However, us-
ing simple peak position as a mean to assign elements has proven ineffective
since peaks can shift slightly and conflicts between elements with similar en-
ergies in different lines are frequent. Thus, an additional selection criteria
was necessary. Wang et al [32] gave a recent estimation of Earth’s elemental
abundance, which can be used as a probability parameter for overlapping
X-ray emission energies. Such parameter creates a bias towards common
elements, but in the context of construction and/or natural materials, it is
rather useful. To compare all the emission lines collected for a given peak,
the smallest value of S is searched according to equation 1.

S =
abs(Xe – Xp) + a

b +
log(Ae/AAm)
log(AFe/AAm)

∗ (c – b)
(1)

Xe is the position of the emission line of element e in keV, Xp is the
position of the peak p in keV, a is an empirical parameter for calibration,
Ae is the mass abundance of element e in ppm (mg/kg) and AAm and AFe
are the abundance of americium and iron, respectively. b and c are rescaling
parameters.

Given the non-linear nature of X-ray fluorescence, a baseline correction
is necessary in each spectrum previous to quantification [33]. This is done
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using the routine developed by Ning et al [34] for complex spectra. After that,
Gaussian curves are fitted under each peak to perform the deconvolution of
close emissions and any quantification desired (e. g. net counts, area under
the curve, full width at half maximum).

For the parallel analysis of such signals with the laboratory ones, addi-
tional considerations were made. When using competing instruments, iden-
tical parameters are often set to ensure a fair comparison of their detection
capacity. Yet, hand-held devices constrain the analysis in terms of time and
geometrical precision simply by requiring human operation, with the addi-
tional obstacle of air between the sample and the detector, a weaker signal
is normally obtained. An argument could be made that for true comparison,
the desktop device should be set to the same acquisition time, using identical
current and accelerating voltage with a similar tube and spot size. Notwith-
standing, the authors believe this could be interesting from the industrial
point of view, but would not fit in the aim of this research, because once a
sample is taken to the laboratory extra steps are taken to assure the most
accurate detection possible. Therefore, when comparing field analysis with
laboratory tests, it is more logical to use the standard procedure for both.

As a compromise, two laboratory analysis were performed. The first one
mimics the type of collimator and filters used by the in-situ analysis, which
means that a mechanical collimator with spot size of 1 mm was used for
measurements without filter and with an aluminium filter of 600 μm. The
second one uses a polycapillar collimator and no filter. However, both were
performed in vacuum with a longer exposure time for each point than the
in-situ counterpart. It was chosen to use no filter for the second analysis
after a brief comparison of elemental detection, as can be seen in Figure 2.

3. Results and discussion

3.1. Raman spectroscopy

The in-situ Raman analysis of the studied areas from Villa Belza revealed
mostly calcite peaks, which is in agreement with the laboratory analysis of
samples S3 and M2 to M5. The presence of other phases was detected in the
remaining samples during the laboratory analysis as demonstrated by Figure
3.

In sample S1 there is a weak peak at 1008 cm-1, which can be attributed
to gypsum (CaSO4 · 2H2O). This was present in many points of this sample
and points to a well distributed phase. The other peaks at 156, 282, 712, 1086
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Figure 2: Comparison of detection power using different filters implemented in the M4
TORNADO ED-XRF spectrometer applied to sample S3 as example of signal improve-
ment.

cm-1, are commonly attributed to calcite, and similar to the field analysis,
were present in all analysed surfaces. Sample S2 also presents the usual peaks
of calcite in all surfaces, but a secondary greenish phase was observed with
peaks at 1063, 1128, 1296 cm-1. Huang et al [35] states that all saturated
fatty acids have similar strong peaks in the same shifts, thus, it is likely
that this is the contribution of animal contamination. In sample M1, besides
calcite, quartz (α–SiO2, Raman bands at 207, 463 cm-1) and gypsum (Raman

bands at 413, 493, 617, 670, 1008, 1135 cm-1) were found. The presence of
both is common in mortars. Sample S4 had few points that showed haematite
(Fe2O3, with its Raman peaks at 219, 242, 286, 403, 488, 606 cm-1), but
calcite was still the dominant phase.

The predominant presence of calcite in the mortars could be used as an
argument for carbonation of the material, but since only the surface was
analysed, this is an expected result. The first millimetre of even new mortars
would carbonate in a relatively young age, hence the decades old mortars
could even be completely carbonated. Although carbonation is a major con-
cern for reinforced structures, unreinforced mortars composed of Portland
cement tend to become more compact, in which case this can be seen as an
advantage against external agents, such as decreasing the rate of leaching
[36] or slowing down the ingress of chlorides [37, 38, 39].

Finally, an useful observation from the Raman analysis of the samples
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Figure 3: Raman spectra obtained in laboratory of: A) Sample S1, showing the presence
of gypsum and calcite; B) Sample S2, showing the presence of calcite and saturated acids;
C) Sample M1, showing the presence of calcite, quartz and gypsum; and D) Sample S4
showing the presence of haematite.

was the absence of sodium sulfate and nitrates, in both, in-situ and lab-
oratory analysis. The main bands of thernardite (NaSO4) and mirabilite

(NaSO4 · 10H2O) are around 990 cm-1 and these salts can be responsible
for the generation of gypsum from calcite or portlandite in limestones and
mortars [7, 8]. This is a common concern in the field of durability of build-
ing material in zones susceptible to marine aerosol, but was excluded due
the overall distribution of the gypsum phase without sodium sulphate peaks.
On the other hand, nitrates are often present in underground water and can
cause precipitations similar to the ones found at the location through the
replacement of the carbonaceous phase and further hydration [9], so it was
also useful to eliminate this possibility with the tests.
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3.2. X-ray fluorescence
Due to differences in signal intensity, acquisition time and environmen-

tal parameters, the counts that can be registered for each detected element
spans orders of magnitudes between instruments and settings. In order to
provide clear and comparable results, it was decided to normalize the counts
registered for each element with each instrument and set-up. Considering
that Ca is the major element in the analyzed stones, this element was used
as normalizer, dividing in this sense the counts of each element by the counts
of Ca registered in the same measuring area (X/Ca). The authors select
calcium as a normalisation element because of its presence in all samples.
This was expected for limestones and mortar samples, and confirmed by the
identification of calcite in each specimen through Raman spectroscopy both
in-situ and in laboratory. These results are shown in Figures 4 and 5. The
legend is organized regarding device (IS = in-situ; LM = laboratory, me-
chanical collimator; LP = laboratory, polycapillar collimator), filter (NF =
no filter; AF = aluminium 600 μm filter), and method of elemental identifi-
cation (M = manual; A = using the described algorithm; B = using Bruker
software). The data numbers corresponding to the column bars in Figures 4
and 5 are provided as Supplementary Material.

Samples S1 and S2 show strong peaks for chlorine and strontium, both
commonly found in locations exposed to marine aerosol [9]. Samples S3 and
S4 show a strong presence of iron and strontium. While iron is likely to
simply be part of the rocks composition, the high concentration of strontium
can be misleading. For those two samples it appears higher than chlorine
only in filtered signals, because the aluminium wall weakens the detection
of both chlorine and calcium, causing a much higher peak of strontium in
proportion. Taking this into account, the presence of both added to the
bromine peaks still points strongly to marine aerosol as source. As expected,
samples M1 to M4 had strong chlorine, bromine and strontium peaks as well.
In addition the usual presence of silicon and iron for mortars is observed.
Sample M5 follows the same trend, however, chlorine was detected in much
smaller amounts and zinc in much higher quantity. This can be explained by
the corrosion of zinc reinforcement, absorbing chlorine to form simonkolleite
and bringing zinc closer to the surface [40, 41]. Although no evidence is
presented here for this hypothesis, a second experimental campaign (object
of a future publication) included more locations of Villa Belza and found clear
evidence of the precipitation of simonkolleite in different locations through
the use of X-ray diffraction and Raman spectroscopy.
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Devices: IS = in-situ; LM = laboratory, mechanical collimator; LP = laboratory, polycapillar collimator.

Filter: NF = no filter; AF = aluminium 600 μm filter.

Method of elemental identification: M = manual; A = using the described algorithm; B = using Bruker software.

Figure 4: X-ray fluorescence results for stone samples.

3.3. In-situ versus laboratory analysis

The selected materials proved challenging to perform molecular analysis,
the spectra were saturated more often than not and the surfaces were very
rough, which contributed to the disparity between field and lab work. Ul-
timately, what allowed the detection of more phases in laboratory were the
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advantages associated with micro-spectroscopy against the regular type. The
greater amount of laser power alternatives in addition to the aid of a light
microscope and servo controlled stage allowed for much higher precision in
choosing a scanning area, and possibility of tracing the exact spot back in
case of change of parameters.

Nevertheless, the Raman analysis performed there did not differ much
from what was obtained in-situ. Although some spectra allowed to spot minor
inclusions, the overall results still pointed to a predominance of calcite. The
identification of the acids and haematite is not a signal of damaging agents
in the building materials, but rather small, inert inclusions. Additionally,
the absence of sodium sulphate excludes the possibility of damage by the
replacement of carbonate phases by sulphates. Thus, the in-situ analysis
proved as useful as laboratory testing for the specific goal of this campaign.

Concerning the XRF elemental analysis, the main difference between the
spectra collected at the location and the ones extracted afterwards was re-
lated to signal intensity. Looking at Figures 4 and 5 it is noticeable that only
elements with a X/Ca ratio above 10-4 can be identified, while at laboratory

the threshold is above 10-6. This discrepancy is a reflection of the vacuum
environment and longer exposure time possible with the desktop instrument
that provided an absolute amount of counts one to two orders of magnitude
superior to the obtained in-situ results. Thus, the overall limit of detection
is similar, but the difference in signal quality acts as a hindrance for light
and trace elements.

The identification of such trace elements (e. g. vanadium, chromium) are
usually of no interest for the forensic analysis of building materials, but infor-
mation on light elements (e. g. sodium, magnesium, aluminium) can be very
valuable. In this particular case, the presence of sodium in the same areas as
chlorine support the assumption of sodium chloride from marine aerosol as
main agent of degradation. Regardless, damage in building materials caused
by ingression of chemicals is normally well distributed through the material
and only high concentrations activate considerable deterioration. For ele-
ments following this frame of reference (e. g. chlorine, bromine, strontium),
the in-situ analysis demonstrated no problems of detection.

15



Devices: IS = in-situ; LM = laboratory, mechanical collimator; LP = laboratory, polycapillar collimator.

Filter: NF = no filter; AF = aluminium 600 μm filter.

Method of elemental identification: M = manual; A = using the described algorithm; B = using Bruker software.

Figure 5: X-ray fluorescence results for mortar samples.
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3.4. Automatic identification of peaks in XRF spectra

The automatic identification of elements was considered successful given
the excellent correlation between the data obtained with EzDataTMand with
the MATLAB R© script. Compared to the elements detected by laboratory
analysis, the automatic identification is better for the unfiltered signals,
matching more elements than with the manual selection (see Figures 4 and
5). Samples S2 to M3 can be used as examples, where the algorithm correctly
identified three additional elements in comparison to the manual procedure
(see Figures 4 and 5). It can be seen that the elements missed by the opera-
tor are present in very small concentrations, always inferior to 0.001 (as Ca
ratio).

The opposite is observed for filtered signals, more elements are success-
fully identified manually. This can be explained by the poor quality of the
signal for in-situ filtered samples. The absolute intensity of the peaks ranges
from one to two orders of magnitude smaller than unfiltered spectra. The
combination of the high degree of noise with the need for a more complex
baseline correction hinders the elemental detection. Sample M5 can serve as
an example, the signal for this sample was less intense than for all other sam-
ples and consequently, the automatic selection had the worst performance of
all samples, finding the same amount of elements in the unfiltered signal and
less in the filtered one. For human selection, the baseline correction is not
necessary and the noise is not as detrimental, since user experience already
adds a bias to always look for peaks at the same energy intervals. Although
the data processing can always be improved and new filters are constantly in
development, a good signal is still key for accurate automatic detection. In
the case presented herein, an increase of acquisition time per spectra would
most likely diminish or even eliminate the problem.

Finally, the possibility of an automatic identification of elements brings
all the usual advantages of automation, it increases repeatability, decreases
the work time from several hours to few seconds and removes human bias.
Although the code developed here has limitations, an operator aided version
could provide the improvements without sacrificing accuracy.

4. Conclusion

In this paper, an experimental campaign was executed on an 130 years
old structure to determine the reason of façade deterioration that motivated
a renovation. Considering its exposition to the sea and the presence of visible
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salt precipitation, the damage to the façade was found to likely arise from
the crystallization pressure developed by sub-florescences. The experiments
aimed at determining which were the crystals in action, or at identifying
another underlying cause.

A comparison was drawn between in-situ Raman and X-ray fluorescence
spectrometry and its laboratory counter parts. After the analysis of several
materials at nine distinct locations of the façade in question, it was concluded
that the most reasonable cause of deterioration would be the crystallization
of sodium chloride. This is corroborated by the absence of sodium sulphate
peaks in the molecular analysis and the very high amounts of chlorine de-
tected by XRF. Further, the presence of bromine and strontium points to
the sea as a source for the chloride and wind as main means of transport.

Such conclusion could be reached by both in-situ and laboratory results,
which highlight all the advantages of in-situ testing stated in the introduc-
tion. Although the experiments performed in laboratory provided less noisy
signals and overall more information, they did not provided better informa-
tion. The theory regarding the damage was formulated with data available
in both modes of testing and the additional information acquired in labo-
ratory was not essential to deduce the reasons for the façade deterioration.
Hence, the authors strongly support the use of hand-held instruments for
this application.
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Figures with Essential Color Discrimination

Certain figures in this article, particularly Figs. 4 and 5 are difficult to
interpret in black and white. The full color images can be found in the on-line
version.
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