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As a part of an ongoing investigation regarding the air quality at the Alhambra monument (UNESCO World
Cultural Heritage), indoor and outdoor atmospheric aerosols (PM1 and PM10-1) and pollutant gases (O3, NO2,
SO2 and NH3) were studied during summer and winter. Bulk elements, ionic compounds and black carbon
(BC) in aerosols were analyzedwith X-ray fluorescence spectrometry, ion chromatography and aethalometry/
reflectometry, respectively. Natural PM10-1 aerosols, such as carbonate-rich soil and sea salts, reacted with a
typical urban atmosphere, producing a mixture of particulates with diverse chemical composition. The
content/formation of secondary inorganic aerosols depended on the air temperature and absolute humidity.
Ratios of typical mineral elements (i.e., Ti/Fe and Si/Fe) showed that Saharan dust events contribute to the
composition of the observed mineral aerosol content. BC, V and Ni originated from diesel exhaust, while Cu,
Cr, Pb and Zn came mainly from non-exhaust vehicular emissions. Weathering phenomena, such as
blackening and pigment discoloration, which could arise from gradual aerosol deposition indoors, are
discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Deterioration of cultural heritage exposed to atmospheric gases
and airborne particulate matter (PM) receives an increasing attention
nowadays [1]. In order to protect and conserve the relics of human
history, it is important to understand how atmospheric pollutants
interact with cultural heritage items (CHIs). Although wet and dry
deposition of gases and aerosols to monuments are complex
processes, several studies have evaluated soiling in a quantitative
way by means of particle deposition rates [2–6].

For many years, SO2 has been considered as the main atmospheric
pollutant, which poses a corrosion risk to artworks. On the other hand,
reactions between the heritage materials and deposited particles can
drastically affect the morphology, composition, strength and aesthetic
appearance of CHIs [7]. Furthermore, the effect of SO2 on materials is
often a synergistic process, which involves the action of particulate
pollutants too [8,9]. Since SO2 emissions have drastically decreased for
the past decades, the focus on preventive conservation is shifting
towards other reactive gases, such as HNO3 and O3 [10–12]. Although
the emission of NH3 has decreased for several European countries, for
Spain, its substantial increase over the last 20 years has been

estimated [13]. Although NH3 has no direct effect on any material, it
is a precursor gas for secondary inorganic aerosols (SIA), which can
contribute to the weathering of CHIs.

Most monuments worldwide are located in urban environments,
where pollution, originating from domestic heating, construction
works, traffic and industry, has harmful effects to buildings and
decorative materials [14]. Black crust formation, material decohesion
and dust deposition often occurs on the exterior of the buildings,
causing undesirable aesthetic effects. Inside monuments, soiling and
chemical weathering of CHIs can occur due to both indoor and
outdoor phenomena. At present, the strategy to safeguard CHIs is to
elaborate preventive conservation measures, which require the
knowledge of diverse climatic and atmospheric parameters connected
to them. Thus, monitoring of air pollutants and microclimatic
parameters are generally performed in order to identify possible
threats to conservation [15,16].

The world famous Alhambra monument brings every year more
than 3 million people to Granada in Southern Spain. This unique piece
of Islamic architecture has been listed as UNESCO world cultural
heritage since 1984. Until now, the atmospheric risks to its
conservation have not yet been evaluated, although the urbanization
of Granada and the immense pressure of mass tourism raise concerns
of preventive conservators. In this work, the indoor and outdoor air
quality at the Alhambra monument is studied by the application of
complementary analytical chemical techniques with the aim of
formulating a strategy for its preventive conservation.
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2. Experimental

2.1. Description of the sampling sites

At the feet of the Sierra Nevada Mountains in Southeast Spain, at
about 800 m above the mean sea level, the Alhambra monument
overlooks the city of Granada on top of the Sabika hill. The city with a
population of 300000 is situated in a natural basin surrounded by
mountains with altitudes up to 3500 m. It is around 50 km of the
Mediterranean Sea and approximately 200 km of the African
continent. The region has a near-continental climate with cool/wet
winters, hot summers and high diurnal temperature variability.

The Alhambra represents the grandest and finest example of Islamic
art and architecture from the Middle Ages still standing in the Western
world. The Alhambra was a fortified palatial citadel, whose construction
took from the 11th to the 15th century, with the most outstanding
palaces built during the Nasrid dynasty (1238–1492). The Alhambra is
surrounded by three concentric walls and includes 23 towers, four gates,
seven palaces, a fortress, public and private mosques and spas, etc.
(Fig. 1). All thevisitorshave to leave their vehicles in theparking lot of the
monument at the Southeastern wall, from where they have to proceed
on foot. Public transport buses are scheduled every 10–15 min to shuttle
the annual 3 million visitors between the city and the monument.

The traditional access to the Alhambra from the city center was via
Cuesta Gomerez passing through the renaissance (1536) Pomegranates
gate and the Alhambra park (Fig. 1). Due to the intense deterioration of
this gate, a restoration program started in April 2007. Therefore, the
cityhall temporarily closed this entry to the Alhambra to traffic. These
works finished in January 2010. During this time-span, air-quality
researchwas solicitedby thePatronatode laAlhambraprior to reopening
to traffic. To this end, atmospheric aerosols were analyzed in Cuesta
Gomerez (K2) and the Alhambra palaces and compared with those
measured in Cuesta del Chapiz (K1), a busy traffic access to the Albayzin
(UNESCO world cultural heritage since 1984), also on a steep slope.

In the palaces, sampling campaigns were conducted at three
locations, each chosen on the base of their architectural characteristics
and artistic values. The first site was the ‘Hall of the two Sisters’ (P1), a
semi-open room that surrounds the famous ‘Courtyard of the Lions’.

The ‘Royal Baths’ (P2) were chosen as a second sampling site, since
they form an enclosed area, which is always considerably cooler and
more humid compared to other sections of the palaces. The ‘Hall of the
Ambassadors’ (P3), the main hall of the Comares palace, is a room
with a huge open entrance and windows covered with wooden
artworks, and was chosen as a third indoor sampling site.

2.2. Sampling strategy

A summer (15th of June until 5th of July 2009) and a winter (1st
until 10th of February 2010) campaign was conducted in order to
compare the atmospheric pollution under typical meteorological
conditions (Table 1). Two types of MS&T™ samplers (Air Diagnostics
and Engineering Inc., Harrison, ME, USA) were used to collect aerosol
fractionswith an equivalent aerodynamic diameter (EAD) below 1 μm
(PM1) and 10 μm (PM10) on Teflon membrane filters (TK15-G3M
37 mm, Pall, Ann Arbor, MI, USA). The vacuum pumps for PM1 and
PM10 sampling (Air Diagnostics andEngineering Inc.)were operated at
flow-rates of 23 and 10 l min−1, respectively,whichwas checked daily
with a calibrated rotameter. Total sampled air volumes were
registered with standard gas-flow meters. Black carbon (BC) was
monitored with a dual-channel, portable aethalometer (AE42, Magee
Scientific, Berkeley, CA, USA) every 10 min. Since no electricity was
available during the closing hours of themonument, car batterieswere
used as a power supply for the sampling equipment. During daytime,
they were recharged in order to ensure the next 24 h operation cycle.

During the summer campaign, one set of samplers was placed as
an outdoor ‘reference’ (R1), and another moved together with the
aethalometer between P1, P2 and P3 (Fig. 1). During the winter
campaign, PM1 and PM10 were collected concurrently at P1, P2 and P3
sites. The aethalometer was applied at the K1 (days 1–7) and K2 (days
8–10) sites, together with additional MS&T PM10 and PM1 samplers.
All samples (gaseous and aerosol) were transported in sealed
containers and stored in a fridge at 4 °C until processing.

Gaseous air pollutants (NO2, SO2, NH3 and O3) were sampled
simultaneously at each site with passive diffusion tubes (Radiëllo,
Padova, Italy). For each gas, 2–4 samples were collected concurrently.
The micro-climate was monitored at each site with ATX-11 data

Fig. 1. Map of the Alhambra monument with the sampling sites – P1: the Hall of the two Sisters (s, w); P2: Royal Baths (s, w); P3: Hall of the Ambassadors (s, w); R1: reference site
(s); K1: Cuesta del Chapiz (w); K2: Cuesta de Gomérez (w) – (s)ummer; (w)inter.
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loggers (ATAL, Purmerend, The Netherlands), which registered the air
temperature and the relative humidity (RH) every 15 min.

2.3. Analytical methodology

Before and after sampling, filters were conditioned for 48 h in a
clean and climate controlled room (T=20±1 °C, RH=50±5%),
followed by gravimetric analysis on a MX5 microbalance (accuracy:
1 μg, Mettler Toledo, Columbus, OH, USA). The collected amount of
aerosol was calculated from the mass difference of each filter before
and after sampling.

Energy-dispersive X-ray fluorescence (EDXRF) spectrometry and
ion chromatography (IC) were applied to determine the concentra-
tions of 16 elements and 8 major ions on the aerosol loaded filters,
respectively. Detailed description on the analytical equipment and
procedures can be found elsewhere [17,18]. The analytical perfor-
mance data of the methods are summarized in Table 2.

In order to have an estimate of the BC concentration at the palaces
duringwinter (no aethalometer was applied), reflectionmeasurements
were performed by an EEL 043 smoke stain reflectometer (Diffusion
Systems Ltd., London, UK). The estimation is based on the relationship
between BC and the reflection of an aerosol loaded filter [19]:

BC μg m–3
� �

= 6:02 × 104 × n × δ= 2ð Þ × ln R0=Rð Þ ð1Þ

where R0/R is the reflectance of a white-light beam on a blank filter
to that of a sampled filter, and δ is the optical depth of the sampled
air column (m−1). By convention, the constant n equals to 2, when
using white light and Whatman No. 1 filter papers [20]. For the
present filter media, n was determined in an iterative way, in order
to have the highest correlation (r) and maximum overlap (minimal
χ2=Σi(xi−yi)2) between the BC concentrations obtained by
reflection measurements and aethalometry (data for both tech-
niques were available at K1 and K2). A value of n=3.5 was found to
be optimal (χ2=4.8; r=0.995; y=1.34 x−2.15).

IC was used for the quantification of NO2, SO2 and NH3 by
analyzing the water extracts of gaseous samplers for NO3

−, SO4
2− and

NH4
+, respectively. O3 was determined with a colorimetric method as

recommended by Radiëllo [21]. The detection limits of NO2, SO2, NH3

and O3 were found to be 0.6, 0.9, 1 and 2 μg m−3, respectively. Based
on parallel determinations, the overall uncertainty of the method was
estimated to be better than 20%.

2.4. Statistical methods and models

Non-detectable concentrations of elements and ions were
replaced by one-half of the value of the detection limit (DL). For
results in the PM10-1 fraction (i.e., PM10−PM1), the DL of PM10 was
used, i.e. the highest of both. All correlations were evaluated on the
base of Pearson correlation coefficients (r) with a two-tailed test of
significance (p). Factor analysis was performed with the principal
component extraction method (eigenvaluesN1) and Varimax rota-
tion. The difference between two averages was made statistically
sound by an independent student t-test, assuming equal, or unequal
variances. The equality of variances was evaluated by an F-test. In
order to evaluate the intrusion of North African dust, the NOAA
HYSPLIT Saharan dust dispersion model was applied [22,23].

3. Results

3.1. PM1 and PM10-1 mass concentrations

PM1 mass concentrations at the palaces were comparable for both
seasons (Fig. 2). During summer, the lowest levels were found at the P2
site. When comparing the concentrations at the palaces with those at

Table 1
Daily meteorological conditions during the summer and the winter campaigns.

Statistic Air
temperaturea

Relative
humiditya

Wind
speedb

Solar
radiationb

Precipitationc

(°C) (%) (m s–1) (MJ m–2) (mm)

Summer: 15/06-05/07/2009 (n=21)
25th percentile 24 40 0.8 25 0.0
50th percentile 25 43 0.9 28 0.0
75th percentile 25 46 0.9 29 0.0
Max. 26 49 1.3 30 0.0
Min. 22 37 0.6 16
Abs. max. 28 60 7.7
Abs. min. 20 25

Winter: 01/02-10/02/2010 (n=7)
25th percentile 7.5 75 0.5 5 0.0
50th percentile 7.7 83 0.6 9 1.0
75th percentile 8.0 88 0.8 11 8.5
Max. 8.3 93 1.0 14 23.0
Min. 4.3 68 0.5 3
Abs. max. 9.6 97 6.9
Abs. min. 4 56

a Average values for three sites in the Nasrid palaces (P1, P2, P3; Fig. 1).
b Taken from a station (Pinos Puente) of the Spanish regional agro-climatic

information network located just outside the city of Granada at about 16 km northwest
of the Alhambra monument.

c Collected at a site in the Albayzin close to K1.

Table 2
Analytical performance data of the EDXRF and IC methods.

UQL
a

(%)
DL (ng m–3)b nDL|nQL

c

PM1 PM10 PM1 PM10

Sd Wd S W

EDXRF
Al 10 13 30 14|6 2|1 39|39 28|14
Pb 14 2 4 36|34 27|23 39|36 30|24
Ca 5 2 5 39|39 38|19 39|39 38|38
Cl 7 3 7 1|1 30|19 39|32 38|35
Cr n.a. 1 3 2|0 1|0 31|0 14|1
Cu 7 2 5 35|35 22|19 39|37 32|24
Fe 6 1 3 39|39 38|31 39|39 38|38
K 5 2 6 39|39 38|38 39|39 38|38
Mn 11 1 3 35|4 25|2 39|38 30|11
Ni 9 0.6 1 37|33 38|23 35|26 37|14
S 5 2 4 39|39 38|38 39|39 38|38
Si 7 8 19 31|16 5|4 39|39 37|36
Sr 10 0.9 2 9|2 2|0 39|37 24|7
Ti 8 0.7 2 18|10 6|1 39|39 37|27
V 14 0.3 0.7 39|35 38|27 39|37 38|29
Zn 8 2 4 33|7 32|14 39|29 36|17

IC
Ca2+ 12 22 51 38|35 20|6 38|38 33|22
Cl– 11 3 8 4|2 19|13 39|32 38|37
K+ 4 68 156 38|38 8|1 38|38 6|0
Mg2+ 17 0.5 1 38|33 29|25 38|38 35|34
Na+ 6 9 20 38|26 36|21 38|38 38|34
NH4

+ 5 2 1 38|38 38|38 32|38 38|38
NO3

– 5 8 19 39|21 38|38 39|39 38|38
SO4

2– 5 8 19 39|39 38|38 39|39 38|38

a Uncertainty for results above the quantification limit (10×SDblank) which
incorporates all errors introduced during sampling, analysis, and the calculation of
concentrations in air.

b Detection limit (3×SDblank) calculated for a theoretical sampling period of 24 h.
Due to variations in real sampling periods (±4 h) the DL for individual samples could
deviate from these entries by maximally 17%.

c Number of detects | number of quantified results.
d (S)ummer: ntotal=39; (W)inter: ntotal=38.
n.a. – not applicable.
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the outdoor reference site (R1), the trends are similar (Fig. 2). The
similar indoor and outdoor temporal trend during winter shows that
outdoor conditions regulate the amount of PM1 at all palace interiors.
During winter, precipitation was the main factor responsible for the
observed variations. Dayswith extensive rain showers (up to 23 mmon
day 8) were characterized with low PM1 concentrations due to wash-
out. During the summer campaign, daily PM1 concentrations were
correlated moderately with air temperature (r=0.468; pb0.037) and
strongly with the absolute humidity (r=0.828; pN0.0001).

The amount of PM10-1 varied considerably over seasons. This
variation could be attributed to the suspension of mineral dust, which
is favored under dry and hot summer conditions. The extent of soil

suspension inside the palaces was sometimes considerably higher
than at the corresponding reference sites (Fig. 2). During the summer
campaign, each day an average of 5500 tourists visited the Nasrid
palaces and the surrounding royal gardens. During the winter
campaign only 2400–4100 tourists were counted per day. Although
such a mass tourism could drastically affect the local concentration of
coarse airborne particulate, no correlation could be found between
the daily tourist count and the indoor PM10-1 level. However, in the
summer of 2009, about 21000 spectators visited the ‘International
Festival of Music and Dance’, which is organized annually in Granada.
On the 10th, 14th and 16th days of the summer campaign, rather
intensive cultural events took place at the inner court of the “Carlos V

Fig. 2. Trends andmass balances for PM1andPM10-1 (µgm–3) collectedduring summer2009andwinter 2010–P1: theHall of the twoSisters; P2:Royal Baths; P3:Hall of theAmbassadors;
R1: reference site; K1: Cuesta del Chapiz; K2: Cuesta de Gomérez – Missing data: BC for summer PM10-1; BC for summer PM1 at R1; BC for summer PM1 during day 1–4 at P1.
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palace” (Fig. 1). It is likely that these events were responsible for the
re-suspension of local soil dust, causing an increase in the PM10-1

concentration at the Nasrid palaces (Fig. 2). On the 2nd day of the
winter campaign, a steep increase in the PM10-1 mass was observed
inside the palaces. Since such a high concentration was not observed
at the K1 site (Fig. 2), this aerosol mass increase might be due to the
concurrent indoor activity (restoration/maintenance) in the vicinity
of the palaces and the related re-suspension of dust.

3.2. Aerosol composition

Table 3 summarizes the average aerosol composition found at the
Nasrid palaces. BC and SIA were the main components in PM1, together
contributing on average to more than 50% of the total mass. The PM10-1

fraction was, especially in summer, extremely rich in soil dust
components. The ion balance in the PM10-1 fraction indicated a deficitin
the total amount of analyzed anions (Anions=0.190×Cations−16.0;
r=0.660). Considering the high amounts of soil dust in PM10-1, the
missing anion was most likely CO3

2− in the form of calcite (CaCO3).
Whenadded to the total amount of anions in PM10-1, the ionbalancewas
completely restored (Anions=1.07×Cations−0.999; r=0.992).
It should be noticed that Ca2+ can also be present as gypsum
(CaSO4·2H2O), while CO3

2− could be also dolomite (CaMg(CO3)2).
However, considering the low concentrations of Mg2+ and SO4

2− as
compared to Ca2+, one could neglect the presence of these salts, when
estimating the amount of CO3

2−.
Duringwinter, PM1was rich in NH4

+, having an average NH4
+/SO4

2−

equivalent ratio of 1.4. Such a high NH4
+ content suggests the

contribution of NH4NO3 to the total mass of PM1. Moreover,
besides SO4

2−, NH4
+ was significantly correlated with NO3

− too
(Table 4). This correlation was even higher (r=0.945; pb0.0001),
when using the excess of NH4

+, i.e., the amount of NH4
+ not corre-

sponding to ammoniumsulfate [24]. In summer, however, PM1 particles
were poor in NH4

+ (NH4
+/SO4

2−=0.74). Such a low NH4
+ content sug-

gests the absence of NH4NO3. The correlation coefficients show that
ammonium sulfates were the only NH4

+-salts present in PM1 during
summer. For PM10-1, the correlations suggest the presence of sea salt
(NaCl), aswell as sodium nitrates and sulfates. Besides the aged sea salt,
calcite and gypsum were also found in PM10-1. The strong correlation
betweenMg2+ and CO3

2−, as well as between Mg2+ and SO4
2− suggests

the presence of dolomite and Mg-rich sulfates, respectively, as found in
reference [14].

4. Discussion

4.1. Local soil suspension and Saharan dust intrusion

According to the air-quality legislation of the European Commis-
sion (EC), days with PM10 concentrations above 50 μg m−3 are
limited to 35 per year [25]. Due to increased soil dust suspension and
regular intrusions of Saharan dust, many South European towns have
difficulties in keeping this legislation [26]. For example, Lyamani and
Bravo Aranda [27] reported 121 days in 2009 with PM10 exceedances
of the EC limit for Granada. These increased PM10 levels were not only
due to Saharan dust events (72 days), but were also due to the
exceptionally intensive public construction works throughout 2009.
In the present study, 2 out of 30 observation days were found with
PM10 concentrations above 50 μg m−3. Most of the increased PM10

mass could be attributed to local suspension of mineral dust with an
EAD higher than 1 μm. Especially in summer, high loads of aluminum
silicates and carbonates were received (Table 3) from the surrounding
geological formation, consisting of quartzite, dolostone and limestone
pebbles. Especially the construction of new underground train lines in
Granada city was believed to contribute to the enhanced PM10 levels.

In Fig. 3, the evolution of a Saharan dust cloud, which passed over
the Iberian Peninsula, is visualized by HYSPLIT during the first 7 days
of the summer campaign, after which it dispersed over the Atlantic
Ocean. Although the Sahara and Sahel deserts consist of many
different petrologic regions, the mineral composition of their soil was
found to be relatively constant [28]. Only the soil in the Northern parts
of the Sahara was found to be significantly enriched in calcite and
palygorskite [29]. However, when transported from the African
continent, this regional specificity generally diminishes in a well-
mixed body of Saharan aerosol. Some elemental ratios in aerosols
could be used as a signature for Saharan soil. Although some Ca-based
elemental ratios are popular for this purpose [30,31], they could not
be used in an area dominated by calcareous soil. Average values for
non-calcium based ratios are summarized in Table 5. Although the
differences are small, Si-to-Fe and Ti-to-Fe ratios were significantly
elevated during days with Saharan intrusion. In this period, the value
for Ti-to-Fe was in good agreement with the ratio reported for

Table 3
Average chemical composition (± standard error) of aerosols inside the Nasrid palaces
(mg g−1 aerosol).

Summer (n=20) Winter (n=30)

PM1 PM10-1 PM1 PM10-1

Mass (μg m−3) 6.1±0.4 32±3 8.2±0.6 17±4
Black carbon 308±16 n.a. 317±15 123±13
Soil dust 55±6 592±13 17±2 277±26
SiO2

a 19±4 202±9 2.8±0.6 78±7
Al2O3

a 6±1 70±3 n.d. 22±3
TiO2

a 0.4±0.1 4.9±0.2 n.d. 2.2±0.2
FeO+Fe2O3

a 6.4±0.7 47±1 2.9±0.3 34±2
Ca2+ 21±4 70±2 8±1 38±6
Mg2+ 1.0±0.1 4.7±0.2 0.5±0.1 3.3±0.4
CO3

2–b n.a. 194±6 n.a. 98±16
Sr n.d. 0.45±0.02 n.d. 0.36±0.03
SIAc 237±17 56±4 198±13 130±11
NH4

+ 52±5 n.d. 44±4 n.d.
NO3

– 8±1 35±3 70±8 83±7
SO4

2– 177±13 21±2 84±6 43±4
Sea salt 4.2±0.6 11.1±0.7 8.3±0.9 67±11
Na+ 3.7±0.4 8.3±0.7 7.3±0.7 40±6
Cl– 0.6±0.2 2.7±0.2 1.1±0.3 27±5
Trace metals 5.2±0.4 2.2±0.1 3.7±0.5 4.5±0.6
V 0.57±0.06 0.12±0.01 0.27±0.03 0.31±0.03
Cr n.d. 0.10±0.01 n.d. n.d.
Ni n.d. 0.06±0.01 n.d. 0.19±0.03
Cu 1.9±0.2 0.90±0.06 1.2±0.2 2.0±0.4
Zn 0.52±0.06 0.46±0.01 0.6±0.1 0.68±0.06
Pb 1.3±0.1 0.52±0.04 1.0±0.2 1.1±0.2
Unexplained 391±18 338±14 456±19 399±26

a Oxides calculated from element concentrations.
b Estimated from the anion deficit (cations – anions).
c Secondary inorganic aerosol.
n.d. – not detected.
n.a. – not applicable.

Table 4
Pearson's correlation coefficients indicating salt associationsa between major anions
and cations.

NO3
− SO4

2− Cl− CO3
2−b

PM1 PM10-1 PM1 PM10-1 PM1 PM10-1 PM10-1

Na+ Summer n.d. 0.769 n.d. 0.539 n.d. 0.211 0.452
Winter 0.128 0.549 0.289 0.665 0.112 0.716 0.664

NH4
+ Summer n.d. n.d. 0.984 n.d. n.d. n.d. n.d.

Winter 0.905 n.d. 0.867 n.d. −0.218 n.d. n.d.
Mg2+ Summer n.d. 0.475 0.474 0.750 n.d. 0.600 0.895

Winter 0.435 0.694 0.179 0.745 −0.152 0.538 0.836
Ca2+ Summer n.d. 0.339 0.051 0.817 n.d. 0.667 0.969

Winter 0.365 0.440 0.240 0.488 −0.038 0.312 0.561

a Salt association: pb0.001 (bold).
b Estimated from the anion deficit (cations – anions).
n.d. – not detected.
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Saharan soil. On the contrary, the Si-to-Fe ratio was somewhat lower
compared to the composition of Saharan dust. However, this could be
explained by the gradual loss of coarse quartz particles with an
increasing distance from the source [32].

4.2. SIA formation

As mentioned earlier, NH4NO3 in PM1 was only observed during
the winter campaign. Since the concentrations of NO2 and NH3 were
quite comparable for both seasons (Table 6), the hot climate in
summer (Table 1) likely promoted the vaporization of NH4NO3. On
the contrary, ammonium sulfate in PM1 was considerably present
during both campaigns. The high summer concentrations for O3

(Table 6) indicated serious smog conditions, in which SO2 is rapidly,
photo-chemically oxidized. This is in accordance with the low
concentration of SO2, which was often below the detection limit.
The amount of ammonium sulfate is correlated strongly with the
absolute humidity (r=0.746; pb0.0001), and demonstrates the
importance of liquid phase reaction pathways in the oxidation of
SO2, and the subsequent formation of ammonium sulfate. The amount
of strong acidity (H+), captured in the particles as HSO4

−, was
estimated from the SO4

2− and NH4
+ concentrations assuming an ion-

balance as proposed by Pathak et al. [24]. On average, the amount of
H+ was calculated to be 7±0.5 neq m−3 (2–15 neq m−3) and 0.7±
0.2 neqm−3 (0–6 neqm−3) during summer andwinter, respectively.

Since no NH4
+ was detected in PM10-1, SIA formed by homoge-

neous reactions were assumed to accumulate well below 1 μm EAD.

SIA in PM10-1 were formed via heterogenic reactions and were mainly
present as aged sea salt. If it is assumed that all Na+ originates from
sea spray, the extent of Cl− released from the aerosol phase can be
estimated [33,34]. On average, about 70% and 90% of the expected Cl−

was lost during winter and summer, respectively. However, also the
calcite and dolomite-rich soil acted as a sink for atmospheric H2SO4,
which resulted in gypsum and Mg-rich sulfates.

4.3. Black carbon

In 2008, 626147 vehicles were officially registered in the province
of Granada. From these, there were 421403 private cars, 112453 light
and heavy duty trucks, 1131 buses and 3717 industrial tractors [35].
More than 90% of these buses, light and heavy duty vehicles, and
tractors, and about 50% of these private cars were equipped with
diesel engines. All together, these diesel fuelled vehicles consumed
about 85% of the total fuel used for transportation in Granada [36].
Also, the domestic heating systems in the city are based on diesel
combustion. However, considering the Mediterranean climate in
Granada, domestic heating is considered to be a moderate source
compared to mobile sources.

Fig. 4 shows a typical temporal pattern for the concentration of BC
at the Nasrid palaces. Every day, the BC concentration started to
increase around 9 am, reaching a maximum somewhere between 10
and 11 am, after which it dropped rapidly to the background level of
1 μg m−3. A similar, but less sharp event occurred every evening
between 7 and 10 pm. During weekdays, morning rush-hours

Fig. 3. Intrusion of a Saharan plume in the Iberian peninsula according to the NOAA HYSPLIT Saharan dust dispersion model – snapshots integrated between 23:00–00:00 UTC
starting at 16th of June (top, left) until 23rd of June (bottom, right) 2009 – average concentrations between 0 and 100 m above ground level.

Table 5
Average mineral element ratios in PM10-1 samples and literature data on African desert soils.

Ratio Eventa PM10-1 Sahel soil Saharan soil Saharan soil

Mean±σ95%
b MDc±σ95% td pe 1.5bdb12 μm 1.5bdb12 μm db50 μm

[52] [52] [53]

Ti/Fe SD 0.128±0.005 0.020±0.006 6.268 0.000 0.138 0.131 0.165
SD-free 0.108±0.004

Si/Fe SD 4.3±0.2 0.5±0.2 4.476 0.000 6.1 7.58 6.3
SD-free 3.8±0.1

Si/Al SD 2.60±0.05 –0.04±0.05 –1.970 0.103 3.7 4.06 3.92
SD-free 2.68±0.05

a Saharan dust (SD) event (n=7) and Saharan dust-free (n=12) days during the summer campaign.
b 95% confidence interval.
c Mean difference.
d t-statistics.
e Significance.
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experienced the highest day-time concentrations, e.g., up to
15 μg m−3, while during the evenings, peak concentrations of
3 μg m−3 were observed. On the weekends, the highest concentra-
tions were recorded during the nightlife hours of Granada. Such a
diurnal pattern was also observed by Lyamani and Bravo Aranda [27],
it being typical for urban environments, where diesel-exhaust is the
main source of BC. Despite the fact that traffic is minimized in the
vicinity of the Alhambra monument, the observed BC concentrations
are only slightly less compared to typical curbside concentrations
found in other urban environments, for instance, Antwerp, Belgium
[37].

At present, the gate of the pomegranates (Fig. 1) is closed for
traffic, and all cars must approach the Alhambra monument from its
eastern side. However, authorities of the city plan to open the gate in
order to help tourists with finding their way to the monument. In
order to evaluate the effect of such a decision, BCwasmonitored at the
K2 side, in close proximity to the gate of the pomegranates, and at the
K1 side, a similar steep street with dense traffic. Fig. 5 compares the BC
concentrations for both sites. Concentrations at the K2 site were
comparable as those found inside the Nasrid palaces, ranging from
0 to 15 μg m−3, with a slightly elevated background concentration of
2 μg m−3. At the Albayzin (K1), however, BC concentrations were
extremely high, with an average of around 8 μg m−3. Considering the
similarity between both sites, opening the Gate of the Pomegranates

for traffic could have serious implications for the levels of BC and other
traffic-related pollutants in the vicinity of the Alhambra monument.

4.4. Anthropogenic sources of heavy metals

The PM1 and PM10-1 particles were found to be significantly
enriched in V, Ni, Cr, Cu, Zn and Pb (Table 7). According to the factor
and correlation analyses, these metals could be divided into two
distinct groups. The group corresponding to Ni and V represents most
likely oil combustion sources. Since the V and Ni content of heavy oil is
characteristic for the type of fuel, it is often used as a signature for
specific oil combustion applications. Ratios of V-to-Ni in PM1 are fairly
approaching the value of 0.5 (Fig. 6), which is typically found in diesel
combustion particles [9]. The increased scatter towards V-enriched
particles in summer suggests the influence of additional, non-traffic
sources. This is especially true for PM10-1 particles, which were found
with V-to-Ni ratios ranging from 1 to 3 with an average of around 2.
Despite the study of air-mass backward trajectories, no evidence
could be found to attribute the V-to-Ni ratios to one or more specific
industrial [38], or ship traffic related [39] sources. Therefore, in the
non-industrialized area of Granada, the V and Ni concentrations in
PM10-1 is considered to originate from a combination of various long-
distance sources.

The common source for Cr, Cu, Pb and Zn could be less
straightforward. A linear relationwas foundbetween the Cr-normalized

Table 6
Average concentrations (±standard error) of gaseous pollutants at the Nasrid palaces (µg m–3) a.

Period Site O3 NH3 NO2 SO2

Summer 2009
15/06-23/06 P1 181 (1) 6.6 (1) 16±1 (2) n.d. (1)

P2 85±9 (2) 8.9±0.2 (2) 15.4±0.6 (2) n.d. (2)
P3 229±7 (2) 8±1 (2) 17.5±0.2 (2) 1.018±0.003 (2)

23/06-30/06 P1 95±2 (2) 4.84±0.05 (2) 11.4±0.2 (2) 2 (1)
P2 53±6 (2) 6.3±0.4 (2) 17.0±0.1 (2) n.d. (1)
P3 125±1 (2) 7.6±0.8 (2) 12.4±0.2 (2) 0.954±0.002 (2)

30/06-06/07 P1 103±4 (2) 6.3±0.1 (2) 14.0±0.8 (2) 0.9±0.1 (2)
P2 56 (1) 8.3±0.2 (2) 17.3±0.2 (2) n.d. (1)
P3 120±11 (2) 9±1 (2) 14.574±0.004 (2) 1.2±0.1 (2)

15/06-06/07 P1 127±4 (3) 5.9±0.1 (3) 14±1 (3) 1.0±0.1 (3)
(Total) P2 65±9 (3) 7.8±0.4 (3) 16.6±0.5 (3) n.d. (3)

P3 158±10 (3) 8±1 (3) 14.8±0.2 (3) 1.0±0.1 (3)

Winter 2010
1/02-11/02 P1 62±8 (4) 7.2±0.3 (4) 16.9±0.7 (3) n.d. (4)
(Total) P2 28±3 (4) 7.7±0.2 (4) 8±1 (3) n.d. (4)

P3 60±1 (8) 6.8±0.2 (8) 18.3±0.4 (5) 1.1±0.1 (7)

a The number of parallel samples in parentheses. n.d. – not detected.

Fig. 4. Concentration trends of black carbon (BC) and UV-absorbing aerosols (UV) at the
Nasrid palaces over the summer campaign in 2009 (times indicate 12 am).

Fig. 5. Box-plot for black carbon concentrations at the curbside locations K1 and K2 –

Box: 25th, 50th and 75th percentile; Whisker: 5th and 95th percentile; Circle: 1st and
99th percentile; Square: Mean.
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Cu and Pb concentrations in PM10 ([Cu:Cr]=1.47 [Pb:Cr]+1.24;
r=0.9555, pb0.0001). The slope of the regression curve suggested an
average relative abundance for Cr:Cu:Pb close to 1:7:5. In relative
amounts, this corresponds quitewell to the tirewear emission reported
by Hjortenkrans et al. [40] for the Stockholm area in 2005. It is to be
noticed that the emission data reported by Hjortenkrans et al. [40] are
based on tire sales figures, which could change over time and are not
necessarily applicable to other tire markets. Although Cr, Cu and Pb are
all present in tire tread, no records were found in the literature which
used these metals as a tracer for tire wear. The calculation of Cu-to-Sb
ratios, one of the most popular tracers for tire wear particles [41], was
not possible due to the low sensitivity of the EDXRF method for Sb.
However, besides the relative constant ratio, there are two other facts
which favor the idea of tire wear as a common source for Cr, Cu and Pb:
(1) Factor analysis accommodated Cr, Cu and Pb in the same principle
component as Zn. Since ZnO is used in large amounts during the
manufacturing process of tires, it supports the hypotheses that they all
could be bound to tire debris particles; (2) Tire wear particles are
formed by mechanical abrasion and are, therefore, expected to be
mainly larger than 1 μm EAD. Since Cu, Pb and Zn were found at the
highest concentrations in the PM10-1 fraction (Table 7), it is an extra
motivation to assign tire wear as their major source.

4.5. Aerosols and their potential risks for conservation

Besides the effects of several reactive atmospheric gases, the
deposition of environmental aerosols to historic buildings and

structures could result in numerous physical and chemical weathering
phenomena, and is considered to be amajor threat to the conservation
of CHIs. Deposition of hygroscopic salts on monuments attracts water
and moisturizes the underlying material [1]. Dissolved salt compo-
nents could migrate into porous materials, causing disruption of
construction and decorative materials upon drying [42,43]. Moreover,
moisture increases themobility of diversemixtures of transitionmetal
oxides and mineral particles, which can act as a medium for surface
reactions and stone decay [44]. The Royal Baths suffer from infiltrating
rainwater, which transports salts through the walls, and has caused
bulging cement and efflorescence on the walls. However, since the
mortars and cements in themonument generally have a high porosity,
humidity will probably be captured to a lesser extent, as compared to
many other historical buildings [45].

The major risk to the Alhambra posed by aerosols is the
discoloration of polychromes, which are widely used in the stucco
and carpentry artworks of the monument. The red color in the
Alhambra polychromy is generally lost, and what remains either lacks
intensity or is darkening and shows fissures [46]. Blackening of red
lead (Pb2O3), one of the two red pigments in the Alhambra
polychromy, evolves from solvolytic degradation and the formation
of black platternite (PbO2). On the other hand, the intensity of Pb2O3

will decrease due to the formation of white cerussite (PbCO3) in the
presence of alkali metal carbonates [47]. Considering the current state
of the Pb2O3 pigment, both weathering processes were thought to
occur extensively at the Alhambra, and could have been intensified by
the deposition of hygroscopic salts and carbonates, which are
dominant in the area.

Coarse, emerald-colored copper chloride grains were widely
observed in the polychromes [46], and are generally known to be
formed from sea salt weathering of the greenmalachite (Cu2(OH)2CO3)
pigment [48]. While most Cl– escaped from the sea salts reaching the
Alhambra monument, it is clear that the malachite pigment in the
Alhambra has suffered from sea salt exposure.

Although blackening leads to a loss of the original quality of a CHI,
there is an aesthetic threshold below which it could be publicly
accepted. Brimblecombe and Grossi [49] reported that adverse public
reactions were only triggered when a monument lost more than 35%
of its reflectance. When the minimal time between cleaning events of
a monument is 10 years, one could state that the annual averaged
PM10 concentrations should not exceed 30 μg m−3 in order to
maintain 35% of the monument's original reflection [50]. This is
based on so-called dose-response functions between PM10 concen-
trations and the loss in reflectance on painted steel. It is to be noticed
that the blackening of the stucco plasterworks, mortars and cements
in the Alhambra monument [45,46] would have a different response
to PM10 exposure. However, as a first approximation, these dose-
response functions could be used to estimate the consequences of
exposure to the currently determined PM10 levels. In summer, the

Table 7
Average concentrations (C), crustal enrichment factors (EFUCC), factor loadings (F), and correlation coefficients (r) for trace metals during the summer campaigna (n=38).

PM1 PM10-1 Factor analysisc rc,d

C (ng m–3) EFUCCb C (ng m–3) EFUCCb F1 (52%) F2 (27%) Pb Zn Cu Cr Ni V

V 4 242 4 6 0.112 0.867 0.081 0.372 0.052 0.106 0.528
Ni n.d. 188 3 12 –0.023 0.875 –0.035 0.251 0.016 –0.027
Cr 5 1077 2 15 0.783 0.020 0.524 0.735 0.547
Cu 11 2782 29 166 0.920 –0.015 0.839 0.818
Zn 3 279 15 21 0.911 0.327 0.743
Pb 8 2024 17 87 0.895 –0.039

a Winter data were not considered due to the high number of non-detects (Table 2).
b For an element X, EFUCC(X)=(XPM/AlPM)/(XUCC/AlUCC); UCC: upper continental crust, from reference [54].
c Applied for trace metals in PM10.
d Bold: pb0.001.
n.d. – not detected.

Fig. 6. Scatter plots for V and Ni concentrations (ng m−3) illustrating the different V/Ni
signatures for PM1 and PM10-1 – solid line: V/Ni=2; Dashed line: V/Ni=0.5.
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average PM10 concentration exceeded this threshold by about 30%,
whereas in winter, the average level was only 25 μg m−3. Since the
higher PM10 concentrations in summer are mainly due to elevated
concentrations of soil dust, it is not likely that they cause more
blackening.

The potential hazards for blackening depends on the concentration
of BC. Brimblecombe and Grossi [49] suggested that the exposure of
stone buildings to elemental carbon (EC) levels above 2–3 μg m−3

triggered public aversion. The BC levels in this study –although not the
same as EC – fall in this safe concentration range. However, this safe
level could do more harm to relatively clean artworks, since the
perceived lightness could be lost more drastically at the early stage of
the exposure. It is to be noted that the construction of exposure
guidelines for the protection of CHIs are often based on pure economic
considerations and/or public perception, disregarding the historical
and architectural values of the monument. Therefore, care must be
taken when evaluating pollutant concentrations in this way. Since the
decorative walls of the Nasrid palaces are not flat, but contain detailed
curvatures and relief, the soiling process is enhanced, andmakes them
more difficult to clean. Moreover, the relief results in uneven
blackening, which is often considered to be more offensive than a
gradual, all over color change [51].

5. Conclusion

The palaces at the Alhambra monument were originally built to
maximally integrate the surrounding nature and environment and to
provide a refreshment shelter from the hot and dry climate of
Granada. The rooms of the Nasrid palaces consist of high, arch-like
entries and many opened windows. Consequently, the indoor
concentrations of PM1 and PM10-1 were observed to be fairly high,
and followed closely the variations in the outdoor air quality. The
PM10-1 aerosols were mainly composed of soil dust, rich in calcite,
dolomite and silicates and contained considerable amounts of aged
sea salts, especially NaNO3. The carbonate rich soil originated mainly
from local suspension, however, also North African dust contributed
to the mineral aerosol content in summer. In the non-industrialized
area of Granada, vehicular traffic was found to be the main source of
PM1, consisting mainly of ammonium sulfates and nitrates (the latter
only during winter) and BC. Heavy metals were found to originate
from diesel exhaust (V and Ni) and tire tread emissions (Cu, Cr, Pb and
Zn).

Although the Alhambra brings prosperity and economic benefits
to the Granada region, it should also be protected from the pressure
of mass tourism. Recently, the city hall plans to help tourists with
finding their way easier to the monument, by allowing vehicles to
drive through the gate of the pomegranates and the Alhambra park.
At present, the BC concentration close to the gate of the pomegran-
ates is around an average of 2 μg m−3. However, when the street is
opened for traffic in the future, the BC concentration is expected to
rise up to 8 μg m−3 or even higher, as found at a similarly steep and
nearby street, with dense traffic. Such decisions could have a
considerable impact on the levels of BC and other vehicle derived
pollutants inside the Nasrid palaces, withmajor implications for their
future conservation and the enjoyment of visitors to this famous
monument.

Results from this work enabled the decision not to reopen Cuesta
de Gomerez to general traffic. Although a final decision remains to
be taken, the best available option appears to be a one-way
limitation to electric micro-buses facilitating tourists access to the
Alhambra. It is important to resolve the ongoing debate between the
authorities of the Alhambra and the city hall of Granada, to define
targeted strategies with respect to traffic sources, in order to
preserve the Alhambra and its UNESCO world cultural heritage
label.
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