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Degradation potential of airborne particulate
matter at the Alhambra monument: a Raman
spectroscopic and electron probe X-ray
microanalysis study†

Sanja Potgieter-Vermaak,a,b* Benjamin Horemans,c Willemien Anaf,c

Carolina Cardelld and René Van Griekenc
It is well known that airborne particulate matter (APM) has an impact on our cultural heritage. A limited number of articles
have been published on the sequential application of elemental and molecular techniques to estimate the degradation poten-

tial of APM in environments of cultural heritage importance, and most of these were concerned with indoor environments. The
Alhambra monument (Granada, Spain) represents one of the grandest and finest examples of Islamic art and architecture from
the Middle Ages. As part of an air quality investigation, two sets of APM were collected at the Hall of the Ambassadors and
characterised to determine its potential degradation profile. These were analysed by means of micro-Raman spectroscopy
(MRS) and electron probe microanalysis with X-ray detection (EPXMA). The Raman data indicated the presence of various
mixed salts of acidic and/or hygroscopic nature, such as sodium and ammonium nitrates and sulfates, especially in the finer
fraction. Automated EPXMA estimated this fraction to be as high as 50%. Apart from the potential chemical attack, the soiling
due to carbonaceous matter deposition is a real concern. Soot was identified by MRS and EPXMA in all size fractions, reaching
values of up to 55%, and was often intertwined with soluble inorganic salts. Ongoing degradation of the pigments is impli-
cated by the presence of brightly coloured particles. MRS and molar abundance ternary diagrams elicited the chemical struc-
ture of individual APM so that the degradation potential could be established. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

The environmental impact of airborne particulate matter (APM) is
determined not only by its mass and size distribution but also by
its chemical composition. Furthermore, it is widely recognised that
stressors, such as air pollution, form a direct link between the
damage caused to our artistic heritage and the cultural environ-
ment.[1–4] It follows logically that effective preventive conservation
can only be practised when all factors influencing the cultural envi-
ronment are considered, including inherent synergisms. One of
these factors with degradation potential that received some atten-
tion in previous papers is the chemical composition and structure
of airborne particles.[3,5,6] The deposition of particles could cause
changes to the surface, resulting, for instance, in surface discoloura-
tion due to soiling. Various publications report on carbonaceous-
related soiling, e.g. level of soot particles necessary to observe
soiling on coloured surfaces,[7] and black-crust formation on the
surfaces of stone buildings.[2,8,9] In addition, chemical reactions at
the particle/substrate interface can intensify the deterioration
process as the particles act as condensation nuclei for gaseous
pollutants as well as moisture. According to Brimblecombe,[1] this
process can be described as a dose process that would encompass
hydration, photodegradation, soiling, chemical attack, crystallisa-
tion stress, chemical transformation stress and dissolution. These
processes affect the dyes (pigments) and surfaces of materials,
J. Raman Spectrosc. 2012, 43, 1570–1577
resulting in fading or changing of colours, blackening, loss of con-
trast, rusting, weathering, etc. Clearly, the structural and chemical
compositions of APM play an integral part in these dose processes
and the resulting effects it has on the substrate.

A large number of articles are available on the chemical compo-
sition of APM,[10–16] but only a limited number of articles have
been published on the sequential application of elemental and
Copyright © 2012 John Wiley & Sons, Ltd.



Degradation potential of APM at the Alhambra monument
molecular techniques (such as the work by Potgieter-Vermaak
et al.[17] and references therein), and those applied to APM in
environments of cultural heritage importance are even fewer in
number.[5,6,17] All of these deal with the influence of APM on in-
door environments. Nava et al.[18] reported on the threat of air pol-
lution at the Michelozzo Courtyard in Florence, but only mass and
elemental concentrations and black carbon and water-soluble ion
content are given. It is evident that both structural and chemical
compositions of APM determine its degradation potential.
Micro-Raman spectroscopy (MRS) is the ideal analytical technique
to obtain such information on the molecular composition of APM
as it provides the necessary fingerprint of the compound, which
can then be correlated with spectral libraries as well as elemental
information.[19] In addition, it is a nondestructive technique that
provides the opportunity for further investigation of particles
with, for example, ion chromatography, to obtain the water-
soluble ionic composition.

As part of an air quality investigation, APM in the Alhambra
was collected, and single particles were characterised to deter-
mine its potential degradation profile. The Alhambra represents
one of the grandest and finest examples of Islamic art and archi-
tecture from the Middle Ages still standing in the developed
world. The Alhambra was a fortified palatial citadel whose con-
struction took place from the 11th to the 15th century, with the
most outstanding palaces built during the Nasrid dynasty
(1238–1492). Size-segregated APM was collected from a room
in these palaces, and single-particle analyses were performed
using MRS and electron probe X-ray microanalysis (EPXMA).
Experimental

Airborne environmental particles were collected inside the Hall of
Ambassadors, one of the most outstanding rooms in the Nasrid
palaces of the Alhambra monument (Fig. 1). This ‘throne hall’
was used by the sultans to welcome their eminent guests. It is
a square hall with area of about 128m2 and height of 18m. The
walls of the hall have three arches, each leading to three small
rooms with twin balconies and windows above. Polychromed
stucco inscriptions of poems, mosaic tiling and a wooden ceiling
describe the splendour of this hall. Although the 2.5-m-thick walls
Figure 1. The Alhambra monument: (left) ground map of the monument an
inside the Comares tower) showing the stucco inscriptions with deteriorated
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prevent the room from heating and keep it relatively cool during
a hot summer day, the open entrance and windows (covered
with wooden drawn works) do not protect the interior from
ambient air.

One set of particles was collected on 7 July 2009 (summer)
and another was collected on 9 February 2010 (winter), each
representing the aerosol composition under typical meteoro-
logical conditions for the Granada region. Sampling was made
by a seven-stage May-type cascade impactor to collect sets of
size-segregated aerosols, optimising time of collection to ensure
well-separated particles ready for single particle analysis. When
operated at 20 l/min, the stages 1–7 have a 50% cut-off efficiency
for particles with an equivalent aerodynamic diameter (da) of
0.25, 0.5, 1, 2, 4, 8 and 16 mm, respectively. Particles were
collected directly on small pieces of silver foil. During summer,
however, small particles (stages 1 and 2) were collected on silicon
wafers. Two pieces of Ag/Si substrates were installed per stage in
order to obtain parallel samples. Additionally, each stage was
fitted with a small piece of a Nuclepore filter.

The low-Z elemental composition of the particles was analysed
with electron-induced X-ray spectrometry, performed on an
electron probe X-ray microanalyser (EPXMA, JEOL 733, Tokyo,
Japan) coupled to an atmospheric ultra-thin window X-ray
detector (Oxford, Abingdon, UK). The acceleration voltage, beam
current and X-ray accumulation time were set at 10 kV, 1 nA and
10 s (automatic mode)/20 s (manual mode), respectively. In order
to minimise the loss of volatiles, particles were cooled to liquid
nitrogen temperature. Manual analysis of about 100 particles
per sample (stages 1–2) and computer-controlled analysis of
about 300 particles per sample (stages 3–6) resulted in 1388
and 1938 recorded X-ray spectra for particles collected in
summer and winter, respectively. For each particle, the average
diameter was calculated as dp = (dmax� dmin

2 )1/3, where dmin and
dmax are the minimum and maximum Feret’s diameters of the
two-dimensional particle projections. Characteristic X-ray lines
were used to classify particles into one of the four distinct aerosol
classes listed in Table 1. It should be noted that the previously
described approach is rather elaborate and intuitive as compared
with commonly used multivariate classification methods.[20]

However, although their strength lies in the mathematical
algorithms on which they are based, the outputs of such
d its surroundings and (right) view of the Hall of the Ambassadors (found
polychromes.
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Table 1. Particle classes and relevant compounds with their characteristic X-ray line profile

Class Compound Formula Characteristic Ka, La lines (keV)

Minerals Quartz SiO2 1.739(Si); 0.525(O)

Feldspar XAlSi3O8; X =Na, K 1.739(Si); 1.486(Al); 0.525(O); 1.041(Na); 3.312(K)

Dolomite CaMg(CO3)2 3.690(Ca); 1.253(Mg); 0.277(C); 0.525(O)

Calcite CaCO3 3.690(Ca); 0.277(C); 0.525(O)

Gypsum CaSO4 2H2O 3.690(Ca); 2.307(S); 0.525(O)

Iron oxide FeO; Fe2O3 6.398, 0.705(Fe); 0.525(O)

Sea salts Halite NaCl 1.041(Na); 2.621(Cl)

Sodium nitrate NaNO3 1.041(Na); 0.392(N); 0.525(O)

Sodium sulfate Na2SO4; NaHSO4 1.041(Na); 2.307(S); 0.525(O)

SIAa Ammonium nitrate NH4NO3 0.392(N); 0.525(O)

Ammonium sulfateb (NH4)2SO4; NH4HSO4 0.392(N); 2.307(S); 0.525(O)

Ammonium chloride NH4Cl 0.392(N); 2.621(Cl)

Carbonaceous Soot/organic C, O-rich 0.277(C); 0.525(O)

aSIA, secondary inorganic aerosol. bAlthough indicated as a pure particle class, ammonium sulfate could not be distinguished from an ammonium
sulfate/nitrate mixture solely on the base of characteristic X-ray lines.
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techniques are often limited by the quality of the input variables.
For example, depending on the loading of a sample, automated
analysis often results in spectra of ‘groups of particles’. Multivariate
techniques would treat such a spectrum as equivalent to ‘single-
particle spectra’ (disregarding the chemical relevance), which adds
up to the total variance of the model. Such unsupervised problems
are avoided in the direct classification of raw spectra, which only
relies on the operators’ knowledge of aerosol chemistry, and
suffers less from losses in detail. With the spectra evaluated individ-
ually, about 80% were found to be useful for further processing,
which corresponds to 1211 and 1521 particles in summer and
winter, respectively. These spectra were evaluated by nonlinear
least squares fitting with the AXIL code,[21,22] and the elemental
composition (m/m%) of the particles was calculated with iterative
simulations based on a reverse Monte Carlo procedure.[23,24]

MRS was performed on silver and Nuclepore substrates of stages
3, 5 and 6 in order to analyse themolecular composition of the par-
ticles, following best practices established as per Potgieter-Vermaak
et al.[17,25] protocols. An InVIA spectrometer (Renishaw PTY Ltd.)
utilising the 514.5-nm laser with maximum power of 50mW
(20mW delivered at the sample) and a 100� objective (numerical
aperture= 0.95; theoretical spot size of 0.36mm)was used to ensure
Figure 2. Particle number size distribution derived from the 2D particle pro
ation (SD): dp(84.1%)/dp(50%); geometric mean: median� exp(0.5� ln2(SD)).

wileyonlinelibrary.com/journal/jrs Copyright © 2012 John
analysis of particles down to 0.5mm. More than 50 individual
particles were analysed per sample, to obtain representative results.
Particles were located and analysed manually. Exposure time,
number of acquisitions and laser power varied among 1–10 s,
1–100 and 2–10mW, respectively. Data acquisition was carried
out with the WireTM and Spectracalc software packages from
Renishaw. Spectral searches were performed utilising an in-house,
as well as commercially available, spectral libraries via Spectracalc
software (GRAMS, Galactic Industries).

Results

Electron probe X-ray microanalysis

Particle size distributions of the summer and winter samples were
quite similar (Fig. 2). From the linear tendency of the cumulative
probabilities, it could be seen that the particle sizes are fairly well
described by a lognormal distribution. Only probabilities for
particles below 0.6mm are lower than expected. This decreased
probability for submicrometer particles is a consequence of the
imaging resolution of the EPXMA (dp≥ 0.2mm), which results in data
that are slightly left-censored. Nevertheless, both distributions
could be used to evaluate the particle sizes at the Hall of the
jections in EPXMA. Geometric median: dp(50%); geometric standard devi-

Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 1570–1577
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Ambassadors. Only one mode could be identified in both particle
size distributions, which were characterised by a geometric mean
standard deviation of 2.99� 2.5 and 2.7� 2.2mm (median=1.9
and 2.0mm) for summer and winter, respectively. About 80% of
the particles detected were larger than 1mm. This distribution is
similar to that observed by Shi et al.[26] during an Asian dust
outbreak in Beijing, China (73%> 1mm), and indicates how the
smaller-diameter modes are overwhelmed by larger-sized mineral
particles. Nevertheless, the bimodal nature of the APM at the Hall
of the Ambassadors is clear from the number distribution and
abundance plots for the four particle classes (Fig. 3). For particles
with da> 1mm, mainly mineral and sea salt particles were found
(70%–98%), whereas carbonaceous and secondary inorganic
aerosols (SIA) represented the vast majority of particles with da< 1
mm (40%–76%). This strong difference between the chemical
composition of submicrometer-sized and supermicrometer-sized
particles was also found from the analysis of PM1 and PM10 samples,
as reported elsewhere[27] and agrees relatively well with the
composition of APM found in other urban Mediterranean areas.[28]

Micro-Raman analysis

The MRS analysis revealed that particles with a da ranging from 4 to
8mm (stage 5) were dominated by NaNO3. This confirms the results
of EPXMA analysis, where more than 55% of the particles in the
considered size range were classified as sea salts during the winter
Figure 3. Particle number size distribution (top) and relative abundance plo
(left) and winter (right). Data were obtained with EPXMA. Aerodynamic diame
the May impactor. For each size fraction in the abundance plot, the total nu
column.

J. Raman Spectrosc. 2012, 43, 1570–1577 Copyright © 2012 Joh
campaign, in comparison with around 15% during summer (Fig. 3).
NaNO3 is produced in the atmosphere during atmospheric Cl
replacement reactions on sea salt particles (NaCl).[29] In order to
evaluate the extent of sea salt nitration and sulfation, the relative
(molar) abundance of Cl, N and S (as obtained by EPXMA analysis)
was plotted for each sea salt particle (Na-rich) as a ternary diagram
(Fig. 4(a)). As could be seen, the majority of particles was rich in N
(NaNO3) and contained only traces of Cl (NaCl) and S (Na2SO4).
Particles with more than 50% S (Na2SO4) were only found during
winter, which is confirmed by its absence from the collected Raman
spectra. Some of these sea salt particles proved to be laser
sensitive[30] and were often intermixed with calcium sulfate present
as gypsum, calcite and calcium nitrate (nitrocalcite), as illustrated in
Fig. 5. This would suggest another class of particles, namely sea
salts with calcium salts, which was not picked up from the EPXMA
classification. Both campaigns’ results for this size fraction also
showed various dolomite-rich particles, often present with calcite
and sodium nitrate, as illustrated in Fig. 6. This association of Ca
and Mg was also illustrated by plotting a ternary diagram for the
molar abundance of the Ca and Mg carbonate class (Fig. 4(b)). In
addition, various sulfates associated with Ca were identified by
MRS (illustrated in supporting information Fig. S1). The degree of
sulfate formation on Ca and Mg carbonates can also be discerned
from the ternary plot in Fig. 4(b). Two groups could be clearly
distinguished: a S-poor group representing (almost) pure CaCO3

and MgCaCO3 particles and a group rich in S that clearly
t (bottom) for the main classes of environmental aerosols during summer
ter (da) size fractions between 0.25 and 16 mm correspond to the stages of
mber of analysed particles (N) is indicated on top of the corresponding
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(a) (b) (c) (d)

(e) (f) (g) (h) 

Figure 4. Ternary plots representing the relative (molar) abundance of some key elements measured by EPXMA in individual environmental particles:
(a) sea salts (Na not shown), (b–d) Ca and Mg carbonates, (e) aluminium silicates, (f–g) mixed minerals and (h) secondary inorganic aerosols. Black closed
markers: summer; red open markers: winter. This figure is available in colour online at wileyonlinelibrary.com/journal/jrs
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Figure 5. Raman spectra of sea salts and sea salt mixed with calcium
salts ((a) nitratine (b) nitratine+ gypsum; (c) calcite + nitratine) identified
for particles with da ranging from 4 to 8 mm [* nitratine bands (1067
and 724 cm�1); ◊ gypsum band (1008 cm�1); + calcite band (1086 cm�1)].
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Figure 6. Raman spectra of various dolomitic particles ((a) calcite +
nitratine+dolomite; (b) calcite+ nitratine) from stage 5 (4–8mm), display-
ing mixed salt character [*nitratine bands (1067 and 724 cm�1);◊ dolomite
bands (1089, 724 and 399 cm�1); + calcite bands (108, 712 and 280 cm�1)].
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demonstrates the presence of some Ca and Mg sulfates (e.g.
CaSO4—anhydrite—or CaSO4. 2H2O—gypsum). However, also
CaCl2 and Ca(NO3)2 were found to be present, as suggested by
the Cl and N contents of these carbonates (Fig. 4(c,d)) and con-
firmed by MRS (Fig. 5). Various forms of iron oxides were also ob-
served with MRS and identified according to the work of Colomban
et al.[31] (spectra not shown). As can be expected, fair numbers of
particles were identified as soot, especially from the winter cam-
paign, by both optical microscopy and the characteristic G (gra-
phitic) and D (disordered) Raman bands. The IG/ID ratios for these
particles were on average 0.5, indicating a higher contribution of
disordered carbon structure and less graphitic character. Soot par-
ticles were also often present with inorganic salts, such as gypsum,
calcite, sodium nitrate and calcium nitrate, some of which are illus-
trated in Fig. 7. The EPXMA clusters only indicated pure
wileyonlinelibrary.com/journal/jrs Copyright © 2012 John
carbonaceous clusters, and it was only with MRS that it could be dis-
cerned that inorganic salts were adsorbed onto the soot particles. As
this fraction (stage 5; da from 4 to 8mm) can be classified as medium
fines, one would also expect presence of silicates, either as pure silica
(quartz) or as aluminosilicates. From the elemental composition of
the silicate class, about 18%of the particles were expected to be pure
SiO2 (quartz). The other silicates contained significant amounts of Al,
i.e. about 90%was characterised by an Al-to-Si ratio ranging from 0.2
to 1. Because all contained some amount of Ca, Na and/or K (Fig. 4
(e)), the aluminosilicates were thought to be mainly feldspars. MRS
indicated mostly the presence of a-quartz but always together with
some aluminosilicates and never on its own.

The smaller particles investigated (stage 3; da from 1 to 2mm)
were dominated by sodium nitrate and soot in the summer,
whereas the winter samples contained, in addition, gypsum,
Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 1570–1577
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Figure 7. Raman spectra of amorphous carbon (probably soot) ((a)
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Figure 8. Raman spectrum of iron oxide (as magnetite, Fe3O4) mixed
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calcium carbonate, iron oxides and carbonates in fair numbers. A
number of brightly coloured particles where analysed, some of
which showed not only different shades of blue but also various
shades of orange, yellow and brown. The blue particles’ spectra
contained the symmetric stretch vibration of the S3

� radical of
lazurite/ultramarine blue at 545 cm�1. These particles could be
pigment particles that were detached from the walls. The yellow–
orange–brown group of particles proved to be iron oxides together
with sodium and potassium nitrates, as illustrated in Fig. 8. Again, a
class of iron oxides mixed with sea salts were identified by MRS and
not by EPXMA. Themolar abundance ternary diagram for themixed
mineral particle class indicates that it was mainly composed of
particles with a mixed content of both silicates and Ca/Mg
carbonates (Fig. 4(f)). However, Fe oxides and sulfates were also
found to contribute to their total mass (Fig. 4(g)).

For stage 2 (da from 0.5 to 1mm), many ammonium sulfate
particles, as well as various mixed ammonium salts (an example
is given in supporting information Fig. S2), were identified. The
identification of the double salt was based on values reported
by Tang and Fung,[30] where it is reported that for the double salt,
(NH4)2SO4

. NH4NO3 will have main bands at 976 and 1043 cm�1 in
J. Raman Spectrosc. 2012, 43, 1570–1577 Copyright © 2012 Joh
contrast to the pure salts ((NH4)2SO4 with main band at 976 and
NH4NO3 with main band at 1050 cm�1). The additional band at
1050 cm�1 could be either Ca(NO3)2.4H2O or pure NH4NO3

according to Tang and Fung.[30] The summer campaign’s results
showed only ammonium sulfate salts to be present, and no
ammonium nitrate was identified nor any mixed ammonium salts
in the 50 odd particles analysed. These results agree with the
EPXMA single particle analysis results reported earlier. The molar
abundance ternary diagram for the SIA particles, described by
their Cl, N and S content (Fig. 4(h)), also suggests the same
findings. During summer, Cl was generally absent in the particles.
Because the share of N (relative to S) ranged from 50% to 75%,
they were thought to be mixtures of NH4HSO4 and (NH4)2SO4.
The presence of NH4HSO4 was indicated in some instances by
the presence of bands close to 960 and 1065 cm�1 as indicated
by Tang and Fung,[30] but unambiguous identification could not
be carried out. During winter, however, many particles were
found with an N-share well above 75%, suggesting the presence
of NH4NO3 (Cl = 0) and NH4Cl (Cl> 0).

Discussion

MRS data elucidated and clarified the structural composition of
many of the assumed elemental associations from the EPXMA data,
usingmanual classification andmolar abundance ternary diagrams.
Examples are the dominance of NaNO3 in the 4- to 8-mm fraction
(stage 5), the presence of dolomitic particles and Ca–Mg carbonates
in the presence of sulfates, and mixed ammonium salts in the fine
fraction (stage 2; da from 0.5 to 1mm). MRS also indicated thatmany
of the particle types suggested by the EPXMA results were not pure
and existed rather as mixed particles, for example, the iron
oxides present with sea salts. These intertwined mineral and sea
salt particles strongly suggest the presence of iberulites, i.e.
microspherulites, which are exclusively found in the southern
Iberian Peninsula.[32] These vortex-like particles (60–90mm) consist
of minerals and sea salts, formed during a Saharan dust outbreak.
When collected on an impactor plate, iberulites splash into numer-
ous smaller particles, which were recognised by MRS as mixed
particles. In addition, the carbonaceous fraction (pure according
to EPXMA) was shown to have various inorganic salts adsorbed
onto it (illustrated in Fig. 7), which is of particular concern in terms
of degradation potential.

In general, sea salts and alkaline Ca-rich minerals were found to
be abundant in the Granada area. Under such conditions, any
variation in the level of atmospheric acidifying gases should be buff-
ered. One would expect that the use of heavy diesel fuel for domes-
tic heating in Granadawould result in elevated emissions of SO2 and
NO2 during winter. Although no significant differences were
observed in the level of these gases during both sampling cam-
paigns,[27] the excess of atmospheric S and N was evident from
the observed particle composition (Figs 4–8). The HCl, which is
released during heterogeneous reactions between NaCl and SO2/
NO2, is (partially) consumed by the excess of atmospheric CaCO3

and NH3, thereby recycling the escaped Cl� to the solid phase, i.e.
producing CaCl2 and NH4Cl.

[33] Like NH4NO3, the latter is extremely
volatile and will quickly evaporate at elevated temperatures. There-
fore, NH4NO3 was not found with MRS, the EPXMA or molar abun-
dance ternary plots during the hot summer (average indoor air
temperature of 26 �C) but was only observed during the relatively
cold winter (8 �C). The EPXMA results indicated the same tendency
for NH4Cl, but its presence or the lack of it was not confirmed by
MRS. It is evident that the fine fraction contained large
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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concentrations of particles that are hygroscopic in nature (some of
which also display acidic character) and therefore act as condensa-
tion nuclei.[34] This was especially true for the fine fraction, with the
additional burden of high carbonaceous content, which have been
shown to adsorb SIA particles easily. These particle sizes can also
penetrate porous surfaces and lodge in crevices, which will
exacerbate the damage that they could cause. An example is the
discolouration of red lead (Pb3O4), a pigment found in the richly
decorated Alhambra palaces.[35,36] In a humid atmosphere, the pig-
ment has the tendency to form black plattnerite (PbO2) and white
cerussite (PbCO3). However, the presence of salts such as NaNO3,
abundantly detected in the atmosphere surrounding the Alhambra
site, promotes the conversion to these black-and-white reaction
products.[37] Visually, this will lead to a more dull appearance of
the initially bright red. Of course, the potential damage is propor-
tional to the dose, which depends on concentration and exposure
time. As the Alhambra monument and its splendour are constantly
exposed to the elements and consequently APM, even at low ambi-
ent concentrations, one would expect high doses due to prolonged
exposures. In addition, salt weathering of porous substrates (e.g.
stucco and bricks) due to crystallisation–dissolution cycles may oc-
cur because of the presence of halite, sodium sulfate and nitra-
tine.[38] It would therefore not be unreasonable to have concerns
about soiling and chemical attack to the monument due to the
large proportions of the fine APM that are carbonaceous and SIA
rich to which the monument is constantly exposed.
Conclusions

Single particle analysis by EPXMA followed by either classifica-
tion or clusterisation can only give elemental associations pres-
ent in the particles and not the structural information required
to discern their properties. MRS is an ideal analytical technique
to further characterise heterogeneous individual particles, and
one of the few techniques suitable for particles of submicron
sizes. We have shown that the structural information obtained
by MRS during this investigation confirmed some of the sug-
gested elemental associations and elicited some new particle
groups. Some examples of importance are the following: Na–
N–O-rich clusters were indeed NaNO3, N–O-rich clusters were
NH4NO3, N–S–O-rich clusters were (NH4)2SO4, Ca–C–O-rich were
CaCO3 and Mg–Ca–C–O-rich were dolomite. The elegant use of
ternary diagrams, displaying the molar abundance of particle
classes, added value to the results. Some of these salts (SIA
and sea salts) are acidic and/or hygroscopic in nature, occur
mainly in the finer fraction and could constitute up to 50%
of the relevant fraction. The hygroscopic and/ or acidic nature
of these particles will impact on various types of surfaces (caus-
ing weathering of stony materials, rusting of metal surfaces
and discolouration of pigments due to chemical attack). Apart
from the potential chemical attack, the soiling due to carbona-
ceous matter deposition is a real concern. Soot was identified
by MRS and deduced from the EPXMA results in all size frac-
tions (reaching values of up to 55% in the finest fraction during
the summer campaign). MRS also showed that this particle
class did not only contain amorphous carbons but that the
soot was often intertwined with soluble and hygroscopic
inorganic salts. This observation confirmed that soot acts as an
adsorbent, providing a substrate for APM and, as such,
exacerbates degradation potential. The identification of brightly
wileyonlinelibrary.com/journal/jrs Copyright © 2012 John
coloured particles, such as lapis lazuli, could be evidence of
ongoing degradation of the pigments present in the building.
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