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Abstract Indoor and outdoor concentrations of atmo-
spheric gaseous pollutants as well as composition, size, and
morphology of particulate matter have been investigated at
the monastery of San Jerénimo in Granada (Southern
Spain). Complementary micro- and nano-analytical tech-
niques were applied; elemental and mineralogical compo-
sition and morphological characteristics of particulate
matter were investigated combining electron probe
microanalysis at the single particle level, and bulk aerosol
samples were analyzed using energy-dispersive X-ray
fluorescence, X-ray diffraction, scanning electron micros-
copy with energy-dispersive X-ray analyzer and transmis-
sion electron microscopy (TEM). Microclimatic conditions
at the monastery were monitored, and gas concentrations
were assessed by means of diffusion tubes subsequently
analyzed with ion chromatography. Results revealed high
abundances of soil dust particles (aluminosilicates, calcite,
dolomite, quartz), salt aerosols (chlorides, sulfates and
ammonium-rich salts), and NO, and SO, both outdoors and
indoors. Amorphous black carbon particles had surpris-
ingly high abundances for Granada, a non-industrialized
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city. The composition of indoor particles corresponds to
severe weathering affecting the construction materials and
artworks inside the church; moreover their composition
promotes a feedback process that intensifies the deteriora-
tion. Chemical reactions between chloride-rich salts and
pigments from paintings were confirmed by TEM analyses.
Indoors, blackening of surface decorative materials is
fostered by particle re-suspension due to cleaning habits in
the monastery (i.e. dusting). This is the first air quality
study performed in a monument in the city of Granada
with the aim of developing a strategy for preventive
conservation.

Keywords Atmospheric aerosols -
Architectural monument - SEM-EDX - EPMA -
TEM - Preventive conservation

Introduction

Most buildings of cultural interest are located in urban
environments, where pollution caused by road traffic, res-
idential heating systems, and industry has harmful conse-
quences for outdoor and indoor construction and decorative
materials (Pérez-Rodriguez et al. 1998; Van Grieken et al.
2000; Esbert et al. 2001; Moropoulou et al. 2001; Jordan
et al. 2009). On the exterior of buildings, black crusts are
formed and dust is deposited due to impact of gases and
particles, leading to undesirable aesthetic effects and also
compromising the integrity of the materials (Pérez-Rodri-
guez et al. 1998; Esbert et al. 2001; Moropoulou et al.
2001; Bonazza et al. 2005; Sanjurjo Sanchez et al. 2009;
Xu et al. 2010). The aggressiveness of particles depends on
their composition, size, hygroscopicity, and solubility; for
example, deposition of acids such as sulfuric and nitric acid
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can lead to local corrosion processes on certain stones,
glass, paintings, and metals (Nazaroff et al. 1993; Sabbioni
et al. 2003; Tétreault 2003). On the other hand, indoor air
pollution, a result of both indoor and outdoor phenomena,
can cause soiling and chemical weathering of decorative
materials via adsorption of gases or particulate matter
(Sanchez-Moral et al. 1999; Gysels et al. 2004; Worobiec
et al. 2006; Spolnik et al. 2007; Kontozova-Deutsch 2007,
Jordan et al. 2009).

Currently, preventive conservation measures are
acknowledged as important for safeguarding cultural heri-
tage (CH), both in terms of preserving CH and also
reducing the cost of future conservation measures. Pre-
ventive conservation requires knowledge of a variety of
parameters connected to a specific CH site, including
microclimatic conditions, concentration, and character of
caustic gases and particles in the surrounding air, as well
as management of the CH site (Cataldo et al. 2005;
Kontozova-Deutsch et al. 2008a; Worobiec et al. 2008;
Brimblecombe et al. 2009). Hence, monitoring and sam-
pling campaigns for air pollutants and microclimatic
parameters have to be performed to identify possible
threats and thereby remedies (Delalieux et al. 2001; Esbert
et al. 2001; Camuffo et al. 2002; La Gennusa et al. 2005;
Corgnati et al. 2009; Garcia-Diego and Zarzo 2010).

There is a vast body of literature tackling the impact of
outdoor and indoor air composition and microclimate on
damaging our CH, in which diverse analytical techniques
are applied to characterize and quantify atmospheric
aerosols, such as, e.g., electron probe microanalysis
(EPMA), X-ray fluorescence (EDXRF), scanning electron
microscopy (SEM), ion chromatography (IC), gas chro-
matography—mass spectrometry (GC-MS), transmission
electron microscopy (TEM), and X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and
recently Raman spectroscopy (RS) (Weinbruch et al. 1997;
Van Grieken et al. 2000; Delalieux et al. 2001; Ro et al.
2001; Murr and Bang 2003; Liu et al. 2005; De Hoog et al.
2005; Simao et al. 2006; Ivleva et al. 2007).

Most of these studies have been carried out in well-
protected buildings like museums (Camuffo et al. 2002;
Gysels et al. 2004; La Gennusa et al. 2005: Corgnati et al.
2009), which differ from numerous churches that are
required to be open for congregation and which commonly
use incense and candles in liturgical practices (Worobiec
et al. 2006, 2008; Spolnik et al. 2007; Kontozova-Deutsch
et al. 2008b; Garcia-Diego and Zarzo 2010). This is the
case of the church of the monastery of San Jerénimo
(Granada, Spain). The purpose of this work was to char-
acterize at micro and nano-scale, outdoor and indoor air
composition at the monastery of San Jerénimo in Granada
(Southern Spain). To this end qualitative and quantita-
tive analyses of atmospheric particulates and gases were
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performed by combining complementary mineralogical
and elemental analytical techniques to typify the levels,
composition, and also size and morphology of particulates.
The origin of the outdoor and indoor aerosols and their
contribution to damaging the artworks exposed inside the
church of the monastery are assessed.

Experimental
Sampling location

The city of Granada in Southern Spain has a population of
around 300,000 (agglomeration 600,000). It is about 50 km
from the Mediterranean Sea and approximately 200 km
from the African continent. The city is situated in a natural
basin surrounded by mountains with altitudes up to
3,500 m. Due to this topography and the prevailing low
wind speeds, in combination with traffic emissions, pollu-
tion-derived particulate matter often accumulates in the
urban air of Granada (Lyamani et al. 2010). The city has a
near-continental climate with cool winters, hot summers,
and high diurnal temperature variability. Most rainfall
occurs during winter and spring seasons, leading to
re-suspension of dust particles predominantly in the dry
seasons.

The investigated monastery of San Jerénimo is located
in the city center of Granada, surrounded by busy streets.
Its construction started in 1496 and was directed by two
famous architects: Jacobo Florentino until 1526 and later
by Diego de Siloé, the most famous Spanish architect at
that moment. It is a splendid Renaissance temple with an
extraordinary church, one of the best representative works
of the Spanish Baroque with a spectacular altar piece and
choir, considered one of the masterpieces of Spanish
sculpture. The interior of the temple is entirely covered
with polychromes. The monastery was plundered during
Napoleon’s invasion and converted into cavalry barracks.
Numerous restorations of the remains have been under-
taken, most recently in 1998. At present, the monastery of
San Jer6nimo constitutes a historic building where
numerous scientific investigations have been realized, as
for example salt weathering characterization and investi-
gations on salt inhibitors (Cardell 1998; Laiz et al. 2000;
Cardell and Rodriguez-Gordillo 2003; Ruiz-Agudo 2007).
However, prior to this study no research on air quality in
the framework of a CH study had been carried out in this or
other monuments in the city of Granada.

The sampling campaign was carried out in the period of
February—March 2008. Samples of gaseous (NO,, SO,, O3)
and particulate pollutants (bulk and single particles) were
taken indoors and outside the monastery. The sampling
locations are shown in Fig. 1. Outdoor samples were taken
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Fig. 1 Sampling locations and
outline ground-plan of the
monastery of San Jeronimo
(Granada, Spain). Map
reproduced with permission
(Cardell 1998)

at two different heights at the church and the major cloister.
Inside the church sampling sites were selected considering
orientation and height in order to establish possible dif-
ferences in both quantity and composition of particles. The
altar and lateral rooms are the most distant from the
entrance, which is situated in the NW of the church con-
nected to the major cloister. Hence, less deposition of
outdoor-derived particulate matter can be expected at those
locations. The organ is found on the first floor above the
entrance at approximately 5 m above ground level (a.g.1.).
Some of the stained glass windows of the church are bro-
ken and the main entrance remains open during visiting
hours (in winter from 1000 to 1830 and in summer from
1000 to 1930). Hence, pigeons can fly inside and the
indoor—outdoor air exchange can be expected to be quite
large. In addition, in this work a PM10 sample (AER-GR)
was taken at the roof of the Andalusian Centre for Envi-
ronmental Studies (CEAMA), located in Granada.

Analysis of gaseous pollutants

SO,, NO,, and O3 were collected by means of radiello®
(Fondazione Salvatore Maugeri, Padova, Italy) diffusive
samplers, exposed in parallel for 1 week, both indoors and
outdoors. The radiello® sampler consists of a chemically
adsorbing cartridge, surrounded by a cylindrical micropo-
rous diffusive body (5.8 mm diameter, 60 mm height)
coated with triethanolamine (TEA) and was mounted on a
supporting plate.

NO, and SO, were chemically adsorbed onto TEA,
respectively, as nitrite (NO, ) and sulfite (SO;527), or sulfate
(SO,*7). They were quantitatively recovered from the
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Sample | Sample location Type of sample
In1 Altar, h=1m gases
Lateral room, W altar
In2 h=1m gases
In3 Organ, h~5m g.ases, bUIE and
single particles
gases, bulk and
In4 Side chapel E, h=1m | single particles
In5 Side chapel W, h=1m | gases
out 1 Cloister, 1% floor gases, bulk and
h~5m single particles
Out 2 Apse, h~20m gases
gases, bulk
Out 3 Roof, h~20m particles
Cloister, garden
Out 4 h=1m gases

cartridges by means of extraction in 5 mL of Milli-Q water
(Millipore, Haverhill, USA). Nitrite and sulfite contents were
determined by means of IC. Analysis of aqueous extracts was
performed on a dual-column Dionex DX-120 ion chro-
matograph (Dionex, Sunnyvale, USA) equipped with a
Dionex ASS50 auto sampler. Suppression of background
conductivity was achieved with a Dionex self-regenerating
suppressor model ASRS-ULTRA (anions) with neutraliza-
tion of the eluent by exchanging its counter ions with H™
(generated by the electrolysis of H,O). The separation of the
anions was attained on an AG14 guard column, preceded by
an AS14 analytical column. The eluent was composed of
3.5 mM Na,COs3/1.0 mM NaHCOs; at 1.2 mL min~"' flow
rate. Calibration was performed using certified standard
multi-ion solutions (Combined Seven Anion Standard II,
Dionex, USA), diluted to obtain effective concentrations of
20, 10, 5, 2.5, and 1 ppm standard solutions. Data acquisi-
tion, calibration curve, and peak integration were done using
the Peaknet software package, version 6.11.

The diffusion tubes for O3 sampling consisted of a
polyethylene tube, filled with 4,4’-dipyridylethylene-coated
silica gel and closed, at one end, by a PTFE cap. During
exposure, the 4,4'-dipyridylethylene was transformed into
4-pyridylaldehyde through ozonolysis. A silica gel ensured
the presence of H,O inside the pores, necessary to com-
plete the ozonolysis reaction. During sample preparation,
4-pyridylaldehyde was recovered from the silica gel by
adding 3-methyl-2-benzothiazolinone hydrazone (MBTH).
Subsequently, 4-pyridylaldehyde was converted into the
corresponding yellow-colored azide, analyzed by means of
UV-Vis spectrophotometry (UVIKON 930, Kontron
Instruments) at 430 nm.
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Analysis of single particles

For the collection of size-segregated aerosol samples, a 9-
stage May cascade impactor was applied with aerodynamic
cut-off diameters of 8, 4, 2, 1, and 0.5 pum for stages 3, 4, 5,
6, and 7. As collection substrates Si wafers and Ag foils
were chosen. The size-segregated samples were analyzed
by an electron probe microanalyser (EPMA, JEOL 733,
Tokyo, Japan) equipped with an ultra-thin window Si(Li)
detector (Oxford). To avoid beam damage of the analyzed
particles, cooling of the sample holder by liquid nitrogen
was applied, which is especially important for low-Z
elements. Approximately 300 particles were measured on
each stage, so almost 1,500 individual aerosol particles
were analyzed in one sample set. The X-ray spectra were
processed using the AXIL software for both EDXRF and
EPMA (Van Espen et al. 1986). For EPMA, quantitative
calculations of the particle composition (including light
elements such as C, N and O) were performed using a
method based on iterative Monte Carlo simulations using
the in-house program Elementary (Ro et al. 2003). The
large data set from the single-particle analysis was treated
by statistical methods. To compare the different aerosol
sample sets, all particles were classified by non-hierarchi-
cal clustering analysis based on the Forgy algorithm
(Massart and Kaufmann 1983). The initial centroids were
selected by a sequence of hierarchical cluster analyses
using the homemade software IDAS (Bondarenko et al.
1996). The results for the five stages were divided into
three representative and main fractions: the fine fraction,
which contains average results of particles with cut-off
diameter of 0.5 and 1 um (and thus suitable to be charac-
terized at nanoscale by TEM), the middle-sized fraction,
which contains average results of particles with cut-off
diameter of 2 and 4 pm, and the coarse fraction comprising
the average results of particles with cut-off diameter of
8 m. These last two fractions were suitable to be analyzed
by micro (SEM-EDX) and mineralogical (XRD) analytical
techniques as well.

Bulk aerosol particles

For the collection of bulk aerosol samples from the mon-
ument, Nuclepore® filters of 0.4 um pore-size and 47 mm
diameter were used in a Millipore filter-unit connected to a
low-volume vacuum pump. The average sampling time
was 24 h and the flow rate about 30 L min~'. Bulk con-
centrations were analyzed for up to 20 elements by energy-
dispersive X-ray fluorescence (EDXRF) analysis. The
measurements were carried out with a Tracor Spectrace-
5000 instrument employing a low-power Rh-anode X-ray
tube (17.5 W). For the determination of high-Z elements
(starting from K) a tube voltage of 35 kV, a current of

@ Springer

0.35 mA, and an acquisition time of 10,000 s were selec-
ted. For low-Z elements (from Al to Cl), the tube voltage
was adjusted to 10 kV; a current of 0.35 mA, and an
acquisition time of 4,000 s were used. The detection limits
were between 5 and 10 ng cm 2 on the filters. The mea-
sured intensities were converted into elemental concen-
trations by the application of the AXIL program code (Van
Espen et al. 1986).

Conventional powder XRD was used to determine the
mineral composition of the bulk aerosol samples taken
from the monastery (indoors and outdoors), as well as the
PM10 (AER-GR) sample collected from the CEAMA. The
PM10 (AER-GR) sample was collected during 12 h by
means of a high-volume sampler MCV-CAV with DIGI-
TEL DH-80 and with a flow rate of 30 m’ h!, using cir-
cular glass fiber filters (15 cm, QF20 Schleicher and
Schuell, Dassel, Germany). To perform the XRD analyses,
a Philips PW-1710 diffractometer was used with the
Bragg—Brentano focusing geometry, a graphite secondary
monochromator, CuKo radiation (A = 1.5405), and auto-
matic divergence 1° slit. The voltage was 40 kV and the
tube current 40 mA. Diffraction patterns for the total sus-
pended aerosols were obtained using continuous scan mode
exploring an area over 3°-64° 20, with 0.05 scan rate, and
0.80 integration time. XRD was applied directly to the
Nuclepore® filter surface (no sample preparation was
required). Automatic acquisition, evaluation, and identifi-
cation of minerals were carried out with the Xpowder
software (Martin-Ramos 2004).

To study the chemical composition and micro-mor-
phology of the bulk aerosol samples taken from the mon-
astery and the PMI10 sample (AER-GR), a scanning
electron microscope (SEM Leo 1430VP, VP-SEM) cou-
pled with an EDX microanalyzer (Inca 350 version 17,
Oxford Instruments) was used. Analyses were carried out
in secondary electron (SE) and backscattered electron
(BSE) mode. Both operating modes are complementary, as
SE-mode provides information on texture and structure and
BSE-mode on elementary composition. The SEM-EDX
working conditions were 500 pA filament current, 20 keV
beam energy, 10 eV/ch resolution, and an acquisition time
of 50 s for pinpoint analyses. Samples requiring no prep-
aration were mounted on a tee and coated with carbon for
microanalysis purposes, and with gold to better visualize
the morphology.

Transmission electron microscopy (Philips CM20)
equipped with an EDAX solid-state ultrathin-window
energy dispersive X-ray (EDX) detector was used to
investigate the composition and morphology at nanoscale
of the indoor and outdoor samples from the monastery and
the PM10 sample (AER-GR). The acceleration voltage of
the microscope was 200 kV, and a lens aperture of 40 um
was used as a compromise between amplitude and phase
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contrast for the images. The identification of phases was
facilitated by collecting selected area electron diffraction
(SAED) patterns. Quantitative analytical electron micros-
copy analyses were performed in scanning TEM mode
using a 10-nm diameter beam and a 20 x 100 nm scanning
area. A low-background condenser aperture and an
analytical Be sample holder were employed to improve
spectrum quality. Prior to TEM analysis samples were
dispersed in ethyl alcohol and deposited on Formvar® and
carbon-film coated Cu grids.

Microclimatic parameters, namely temperature (7) and
relative humidity (RH) were monitored during the sam-
pling period by means of Signatrol SL502 (Signatrol Ltd,
Gloucestershire, UK) sensor. The data were collected every
20 min indoors (altar, In 1) and outdoors (major cloister,
Out 1).

Results and discussion
Microclimatic parameters

Figure 2 shows the trend of 7" and RH recorded outside and
inside the monastery during the sampling campaign. Out-
doors, the means of 7 and RH were 10.5 & 6.6°C and
44.3 £ 22.6%, respectively. It should be recalled that the
city of Granada has a near continental climate with large
day/night amplitudes of temperature and RH (Cardell
1998; Lyamani et al. 2010). These fluctuations cause
high thermal stress to stone materials accelerating their
deterioration (Rodriguez-Gordillo and Saez-Pérez 2006).
As result, particles are easily generated and subsequently
may enter the studied building and cause soiling and
deterioration of artworks exposed indoors. In the interior of
the church the mean 7 (13.9 £ 0.3°C) and mean RH
(47.5 &+ 1.5%) stayed almost constant due to the buffering

effect of the high volume of the building. This circum-
stance is certainly advantageous for the preservation of the
artworks in the church.

Gaseous pollutants

The results obtained for concentrations of NO,, SO,, and
O3 are shown in Fig. 3. Indoor and outdoor mean con-
centrations of NO, were found to be similar. The average
indoor value of NO, was 29 g m_3, whereas a mean
outdoor value of 32 ig m > has been measured. NO, is a
gas with largely outdoor sources (via NO,, mainly from
road traffic). The comparable NO, values could be attrib-
uted to the considerable indoor—outdoor air exchange in the
church (due to circumstances mentioned above, see sam-
pling location), and the lower deposition velocity compared
with that of O3. However, indoor sources have to be con-
sidered as well, such as burning candles and incense, the
latter particularly during weekends. Similar trends have
been identified in other churches (Spolnik et al. 2005;
Worobiec et al. 2006; Kontozova-Deutsch et al. 2008b).

As expected, indoor SO, concentrations were lower than
outdoors. The average SO, value was 1.6 pg m—> for
indoors, and 3.6 pg m—> for outdoors. Surprisingly, the
SO, concentrations in the interior of the church were
higher than others reported in the literature, which were
near the detection limit (Spolnik et al. 2005; Worobiec
et al. 2006; Kontozova-Deutsch et al. 2008b). Again, the
considerable indoor—outdoor air exchange in the church
likely plays an important role as no significant indoor SO,
sources have been identified.

The average outdoor Oz concentrations were much
higher than those indoors. The calculated O3 mean value
for outdoors was 12 pug m—>, versus only 0.6 pug m~>
indoors. This result has to be attributed to the high-depo-
sition velocity and reactivity of the O3, and the absence of
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Fig. 3 Indoor and outdoor 40
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an indoor ozone sources. The obtained O; values (both
indoors and outdoors) are rather low in comparison with
indoor O3 concentrations measured during winter in other
churches (Worobiec et al. 2006; Kontozova-Deutsch et al.
2008b). The location of the monastery in the city center of
Granada, near busy streets, should be responsible for these
low O3 concentrations since high NO, (mainly NO) emis-
sions by traffic lead to substantial ozone titration.

The literature reports that NO, causes formation of nitric
acid (HNO3;) leading to decomposition of lime-containing
materials, fading of pigments, and corrosion of metals
(Tétreault 2003). On the other hand, SO, oxidizes quickly
to sulfur trioxide (SOj3) and sulfuric acid (H,SO,4), which
leads to damage of basic construction and decorative
materials like limestone, plaster, and frescoes. The interior
of the church of San Jerénimo is covered with mural
paintings and polychromes (on a substrate of gypsum-
based plaster), severely damaged by salt crystallization at
particular sites, thus exposing the limestone used to build
the church (Cardell 1998; Cardell and Rodriguez-Gordillo
2003). Hence, the high indoor concentrations of NO, and
SO, are a potential threat for the construction and artwork
materials contained in the monastery.

Single particles

The results of the size-segregated single particle analysis
performed with EPMA are shown in Fig. 4. The samples
were divided into three fractions (fine, middle and coarse)
according to their aerodynamic cut-off diameters (8, 4, 2, 1
and 0.5 pm for stages 3, 4, 5, 6 and 7). Soil dust particles,
i.e., aluminosilicates (AlISi + Fe-oxid) were found in par-
ticles of the middle size-fraction and in coarse particles.
Aluminosilicates derive from the geological materials
present in the vicinity of the city, e.g., limestones and
metamorphic rocks (Puga et al. 2007). In addition, sources
such as windblown soil dust, road traffic, and fly ash
aerosols have to be considered (Lyamani et al. 2010).
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Aluminosilicates showed higher abundances in indoor
versus outdoor samples. This fact has to be attributed to the
intense sanding-off of various construction materials used
to build the monastery, such as renders, mortars and, to a
smaller extent, bricks, all severely altered as described
elsewhere (Cardell 1998) (Fig. 5). Additionally, transport
of these particles by the shoes of visitors and monastery
nuns may also contribute to the observed high indoor
abundances. Inside the building, re-suspension of particles
plays an important role as inferred from the cleaning habits
(dusting instead of vacuum cleaning or moist wiping) and
the high amounts of dust deposited at unreachable places.
The high abundance of soil dust particle type certainly
represents a threat to the indoor environment, since these
particles can accelerate the soiling of material surfaces,
although they are not considered to be chemically aggres-
sive. Dust accumulation is an important management and
conservation problem in monuments (Brimblecombe et al.
2009).

Calcite (CaCO3) was the most abundant mineral found
in particles of the fine and middle size-fractions, while
dolomite (CaMg(CO3),) was detected only in the fine size-
fraction. Calcite particles of the fine and coarse fractions
showed slightly higher abundances indoors. Limestone
(calcite-bearing rock) and dolostone (dolomite-bearing
rock) are abundant near the city of Granada and have been
used profusely as construction materials in ancient and
modern buildings such as the monastery of San Jerénimo
(Cardell 1998). However, the high abundance of these
minerals inside the church suggests a source from deteri-
oration of construction materials (limestone and mortars;
already visible to the naked eye), in addition to mineral
particles originating from outdoor sources entering by the
indoor—outdoor air exchange.

Ammonium sulfate ((NH,4),SO,) particles clustered with
carbon (C) were found only in the fine fraction and pre-
dominantly in the smallest particles. Abundances were
slightly higher for outdoor versus indoor samples. This
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Fig. 4 Relative abundances of 100% -
particle types in indoor and
outdoor samples of the fine,
middle-sized, and coarse size
fraction in the monastery of San

Jer6nimo (Granada, Spain)
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Fig. 5 a Photograph of a weathered, polychromed ornament covered
with a thin layer of dust. b Photograph of polychromed sculpture
intensively deteriorated showing massive formation of sulfate-rich

particle type is potentially threatening for the decorative
materials of the monastery due to its hygroscopicity. Aged
sea salt (a mixture of sodium chloride, sodium nitrate and
sodium sulfate) had rather higher abundances in the middle
and coarse-sized fractions, being slightly more predomi-
nant in outdoor samples. Clusters of calcium sulfate with
potassium and sodium chloride were also found in most of
the samples. In the middle- and coarse-sized fractions
abundances were comparable indoors and outdoors, though
in the fine fraction this cluster was only found in the indoor
samples. Indoor sources for these sulfate/nitrate/chloride-

salts (epsomite and gypsum) and detachment of the paintings. Both
ornaments are placed in the church of San Jerénimo at ~15 m a.g.1

containing particles also must be considered. This is sup-
ported by the results of previous studies in the church of
San Jerénimo (Cardell 1998; Ruiz-Agudo 2007) showing
intense weathering of the limestone used in walls, win-
dowsills, vaults, and carved figures as a result of the
massive presence of salts. Gypsum (CaSO4-H,0), halite
(NaCl), Mg/Na-rich sulfate efflorescences (mostly epsom-
ite), and minor amounts of nitrates (niter, KNO3, and
nitratine, NaNO;) were found in the building in these
studies, mainly in the outer layer of the walls (Fig. 5b). As
Mg-sulfates were not detected in outdoor aerosol samples,
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Table 1 Elemental concentrations of bulk particles at the monastery
of San Jer6nimo (Granada, Spain)

Inl Out 1 In2 Out 2

ng m ng m ng m™ ng m
Al 166 304 111 231
Si 400 742 271 578
S 469 339 352 179
Cl 4.1 24 1.8 82
K 233 358 311 335
Ca 388 1790 310 2004
Ti 15 30 9.1 24
A\ 5.1 7.7 8.3 4.2
Mn 2.2 5.7 1.9 52
Fe 108 283 92 215
Ni 2.9 2.6 5.1 1.5
Cu 3.1 7.2 2.8 4.8
Zn 8.5 18 6.7 8.2
Pb 4.0 2.1 53 1.8

they most probably originate from indoor sources, such as
infiltration of ground water and subsequent interaction with
building materials in the walls (joining mortars, stone
and paintings), which contain significant amounts of Mg.
Regarding other sulfates, nitrates, and chlorides, both
aerosols and indoor sources may contribute to their pres-
ence inside the church.

Finally, a cluster containing particles comprised of iron
(Fe), manganese (Mn), sulfur (S), and chlorine (Cl) was
found predominantly in the outdoor samples of the middle-
sized and coarse fraction. The origin of this particle type
can be attributed to soil dust sources (aluminosilicates), and
a marine source for Cl.

Bulk particles

The bulk aerosol concentrations obtained indoors and
outdoors at the monastery of San Jerénimo by EDXRF
analysis are presented in Table 1. The concentrations of all
elements, except for S and Pb, were observed to be sig-
nificantly higher outside the building. This suggests that
these two elements have an indoor source. As stated above,
the higher level of S indoors can be attributed to the high
amount of sulfate-rich salts such as epsomite, hexahydrite,
and gypsum present in the interior of the church, as found
in earlier studies (Cardell 1998; Ruiz-Agudo 2007), while
the higher amount of Pb should be due to the intense
deterioration of the paintings (totally covering the interior
of the church) containing Pb-based pigments (Cardell and
Rodriguez-Gordillo 2003).

The highest outdoor and indoor concentrations were
found for Ca and Si, followed by S, K, and Al. The origin
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of the outdoor particles can be attributed to geological
materials from the vicinity of the city as limestones and
metamorphic rocks (Puga et al. 2007). Indoors, lower
concentrations of these elements were detected. The sam-
pling period was characterized by dry weather conditions
leading to rather high outdoor particulate matter concen-
trations. The results suggest that there was considerable
indoor—outdoor air exchange rate leading to transport of
ambient particles into the monastery. However, indoor
sources cannot be excluded for these particle types. In fact,
the severe weathering of the construction (stone and mor-
tars) and decorative materials (paintings), and the related
efflorescence affecting the interior of the church should be
one of the major (indoor) sources for S, Ca, Si, and K
(Cardell 1998). In addition, K and S can also be connected
to the burning candles and incense inside the church
(Kontozova-Deutsch et al. 2008b). From a preventive
conservation perspective, the high concentration of sulfates
in indoor aerosols is a threatening factor for pigments,
metals, and other acid-sensitive artworks. Thus, the results
obtained in this work confirm a feedback process inside the
church that enhances further weathering of the indoor
construction and decorative materials.

The analysis of the samples with XRD revealed a broad
hump in the diffractograms due to the presence of amor-
phous black carbon particles (~9%), in agreement with
previous studies (Rodriguez-Navarro and Sebastian 1996;
Lyamani et al. 2010). The basin-like geography of the
Granada basin favors weak wind speeds that, in combina-
tion with pollutant emissions, mainly from traffic, lead to
heavy accumulations of particles. Moreover, the monastery
of San Jer6nimo and the CEAMA are located in the southern
part of the city near the highway that rings it. Considering
that Granada is a non-industrialized city, local aerosol
sources are mainly heavy traffic (mostly diesel vehicles)
together with re-suspension of material available on the
ground. In addition, during winter domestic heating (typi-
cally oil burning central heating) represents an additional
important source of anthropogenic aerosols. These aerosols
contain significant amounts of carbonaceous particles, in
agreement with our results of XRD analysis. As a conse-
quence a dark haze can be observed frequently above the
city, especially during morning hours, indicating the pres-
ence of soot particles as important pollutant in the basin.

The identified crystalline phase consists largely of cal-
cite (CaCO;3, ~28%), muscovite (~27%), i.e., a phyllos-
ilicate mineral known as common mica with formula
KAI,(AISi3040)(F,OH),, and dolomite (CaMg(COs3),,
~12%). Minor phases include Na-feldspar (Na(AlSi;Og,
~9%), gypsum (CaSO4-2H,0, ~8%), paragonite (~5%)
which is a phyllosilicate with empirical formula NaAl,
(Si3Al)O;9(OH),, and quartz (SiO,, ~3%). This compo-
sition is consistent with the results obtained elsewhere
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Fig. 6 SEM-EDX spectra
representative for the
composition of the outdoor
PM10 sample (AER-GR)

Fig. 7 SEM images of outdoor
samples showing different
particles. Sample Out-3 (a, b,
outside the monastery) and
sample AER-GR (c, d). Clay
mineral (CM), calcite (C),
dolomite (DO), quartz (Q),
gypsum (G), Fe-rich particle
(Fe); iberulite (Ib), chloride-
based salts (CI) and K-based
sulfates (KS)

40 ]lln'l
—

(Rodriguez-Navarro and Sebastian 1996), as well as with
the mineralogy of the geological materials in the vicinity of
Granada, namely limestones, dolostones, gypsum, and
metamorphic rocks (e.g. micaschists) proceeding from the
Sierra Nevada mountains and the surrounding basins (Puga
et al. 2007).

The microanalysis of the samples (with particle size
above 2 pm) performed with SEM-EDX showed that the
major constituents were O, Si, Ca, Mg, and Al; the K
content was also noteworthy. Minor constituents were Na,
S, Cl, and Fe in decreasing order of abundance, and more
rarely Br and P in sample AER-GR (Fig. 6). The spectra
suggest the presence of clay minerals (phyllosilicates)
accompanied by calcite, dolomite, and gypsum in a lower
amount, in agreement with the mineralogical results
obtained with XRD. In addition, minor amounts of chlo-
rine-based salts such as KCl and NaCl, Fe oxides, K-based

sulfates and Fe-rich, and aluminosilicate-rich (Si and Al)
particles can be inferred from the spectra, in accordance
with the EPMA results. This composition is consistent with
results published elsewhere for the city of Granada
(Rodriguez-Navarro and Sebastian 1996) and results of
airborne particulate matter deposited on the exterior of
other monuments (Esbert et al. 2001). Iron (Fe) can be
related to diesel exhaust, mainly composed of soot and
metallic particles bearing Fe and Fe—S as major elements,
while Br can be ascribed to emissions from gasoline
engines composed of minor amounts of soot and Br-rich
particles (Simdo et al. 2006). Figure 7 shows several SEM
images of the outdoor samples. In the outdoor samples
taken at the monastery (Fig. 7a, b), soil erosion particles
were observed, composed of calcite, dolomite, and quartz,
as well as minor amount of Fe-rich particles and salts made
of NaCl, KCI, and gypsum. Figure 7c, d corresponds to
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AER-GR sample revealing the presence of Fe-rich spher-
ical particles, clay minerals, calcite, quartz, gypsum,
chlorine, and sulfate-based salts as well as the so-called
iberulite particle. This is a new type of spherical aerosol
particle with a vortex, detected in Southern Spain, made of
a complex mineral assemblage that also contains biological
remains (Diaz-Hernandez and Parraga 2008). The most
likely source areas based on inherent mineral components
are the Sahara and Sahel, while other minerals are the
results of atmospheric neoformation. The appearance of
iberulites is a discontinuous phenomenon, occurring
mainly during summer and in dry periods corresponding to
the highest total suspended particle (TSP) contents. Thus a
correlation between amounts of dust and iberulites can be
established; indeed, often their presence coincides with red
dust rains and periods with no heavy rains. The sampling
period of our study was characterized by dry weather
conditions that lead to high outdoor particulate matter
concentration.

Outdoor and indoor particles below 1 pm in size from
the monument and the PM10 sample (AER-GR) were

Fig. 8 Representative TEM a
images of particles found in

aerosols. Sample AER-GR:

a phyllosilicate particle and

aggregate of amorphous carbon

particles and b calcite; sample

Out-3: ¢ rutile, d iron oxide;

sample In-4: e NaCl and

f calcium—potassium double

sulfate particles
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studied by TEM (Fig. 8). The main particles found in the
aerosols sampled outside the church were salts, in particular
chlorides and sulfate-rich salts. Also ammonium chloride
(i.e. sal-ammoniac) was a common component; its origin
may be related to the existence of guano deposits in the
upper part of the church (Cardell 1998). Ammonium-rich
salts were also identified by EPMA in the smallest particles
of the fine fraction inside and outside the church. It should
be noted that pigeon feathers and excrement are abundant
not only in the exterior of the church in the upper parts at
around 15 m a.g.1., but also in the interior due to open doors
and broken stained-glass windows. Particles of Ca—K-S and
Ca—Na-K-S were also frequently detected, in agreement
with the aged salts analyzed with EPMA inside and outside
the monastery, as well as in the AER-GR sample. Their
presence may be attributed to transport of marine aerosols
to the city, although in-cloud processes cannot be neglected
as a possible source (Liu et al. 2005). Oxidation of atmo-
spheric SO, in the presence of water leads ultimately to the
formation of sulfates. Aluminosilicates were also found in
the fine fraction of these samples as revealed by EPMA,

b
200 nm 2300 n
d
200 nm
P——
1
f
200 nm 200 nm
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XRD, and SEM-EDX in the coarser fractions. In particular,
fibrous paragonite was detected with TEM which corrobo-
rated the XRD results. The presence of calcite, as well as the
detected silicates could originate from windblown dust
released during natural erosion of limestone rocks and clay
formations surrounding the city of Granada. Aggregates of
amorphous carbon particles and particles of amorphous
SiO, were also identified with TEM in outdoors samples.
These aggregates, randomly oriented and poorly crystalline,
are composed of graphite particles, typically present in
particulate matter from diesel motor vehicles exhaust
emissions (Siméo et al. 2006).

Regarding the indoor particles, again the main particles
found were chlorides and sulfates, essentially ammonium
chloride and Ca—K-S-rich particles (Fig. 8e, f). The com-
position of the indoor samples obtained with TEM can be
related to that of the outdoor aerosols, in accordance with
the EPMA results. However, as stated above, indoors
sources such as the sanding-off of salt-containing building
stone may also contribute to some extent to the presence of
these particles in indoors aerosols. The identification of
iron chloride particles inside the church reveals interaction
between chloride-based particles (e.g. salt-rich particles)
and Fe-rich pigments and clay-based pigments present in
the wall paintings (Cardell and Rodriguez-Gordillo 2003).
However, interaction with iron-rich particles from diesel
motor vehicle exhaust emissions present in outdoor aero-
sols (entering the church by air exchange) cannot be
neglected, although it is highly unlikely as these particles
were not observed in outdoor samples, which also contain
Cl-rich particles. Finally, silicates such as talc
(H,Mg5(Si03),), carbonates like calcite and dolomite, and
rutile (TiO,) were also found (Fig. 9). As mentioned ear-
lier, the indoor origin of these minerals can be attributed to
the debris released during the sanding-off process that
affects the construction materials (limestone, renders and
mortars).

Conclusions

An outdoor and indoor air quality study was carried out at
the monastery of San Jeronimo (Southern Spain) allowing
characterization of atmospheric aerosols at nano- and
microscale. Detected outdoor atmospheric aerosols are
related to the geographical characteristics and climate of
the city. Severe day/night temperature fluctuations con-
tribute to soil dust generation. In addition, the basin-like
shape of Granada surrounded by high mountains, in com-
bination with heavy traffic, enhances the accumulation of
soot particles. Also, an influx of marine particles can be
expected when the wind direction is southerly (S and SW
are the prevailing wind patterns).

Fig. 9 SEM image of indoor samples showing dolomite (D), clay
minerals (CM), gypsum (G), and KClI salt (KCL)

In accordance with these characteristics, abundant soil
dust particles (aluminosilicates, calcite, dolomite, quartz
and clay minerals) and ca. 9% of black carbon particles
(soot particles) were detected outside the monument. Other
abundant particle types such as (NH4),SO, clustered with
C, and Fe/Mn oxides plus S—CI rich particles were identi-
fied, as well as minor amounts of Br and Fe-rich rounded
particles (related to traffic) and iberulites (a new type of
spherical aerosol particle identified in Southern Spain).
TEM analyses identified salt aerosols (chloride, sulfate and
ammonium-rich salts) and aggregates of both amorphous C
and SiO, particles.

Inside the church of San Jerénimo, high NO, and SO,
concentrations were detected, implying both indoor sources
and an indoor—outdoor air exchange. The impact of both
gases in the murals of the church is particularly aggressive.
Abundances of C and soil dust particles, and ammonium
and calcium sulfate and chloride-rich aerosols were found
to be similarly high indoors and outdoors. In addition, high
levels of S, Pb, and chloride- and sulfate-rich aerosols
further showed that the source of these particles was related
to the intense weathering of the construction and decorative
materials, and to the copious efflorescences inside the
church. Chemical reactions between Fe-rich pigments from
paintings and chloride-rich salts were identified through the
recognition of iron chloride particles. All of these particles
promote a feedback process that triggers further weathering
of the mentioned indoor materials. In addition, although
stable indoor microclimatic conditions were registered, the
inappropriate cleaning habits foster the re-suspension of
particles which play a key role in the darkening of distant
and isolated places inside the church.
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