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n Tarragona County, Spain.

• A number of toxic air pollutants are
emitted by the facilities located in the
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• The available information on various
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here reviewed.
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required to prevent human health ad-
verse effects.
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Chemical industries and oil refineries are known emission sources of environmental contaminants, such as
metals/metalloids, polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs) and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), among others. Based on the toxicological po-
tential of these pollutants, harmful health effects can be expected for the population living near these facilities.
One of the largest chemical/petrochemical complexes in Europe is located in Tarragona County (Catalonia,
Spain). In the last two decades, a number of investigations aimed at assessing the environmental impact of air
pollutants potentially emitted by this industrial complex have been carried out. The present paper is a review
of the available scientific information on the levels of air pollutants related with the activities of this chemical/
petrochemical complex. Although there are currently some data on the environmental burdens of metals/
metalloids, PAHs, VOCs and PCDD/Fs, there is an evident lack of specific biological monitoring studies on
humanhealth. Taking into account the amount of chemicals released to air and their toxicity, it is essential to per-
form an in-depth analysis of the current health status of the population living in Tarragona County.
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1. Introduction

Since more than 50 years ago, one of the largest chemical/petro-
chemical complexes in Europe -and the largest in Southern Europe- is
placed in Tarragona County (Catalonia, Spain). A petroleum refinery, to-
getherwith an important number of chemical and petrochemical indus-
tries, is located in that area. From the very beginning, there has always
been some concern over the possible adverse health effects for the pop-
ulation living in the neighborhood of this industrial complex. The con-
cern notably increased from January 14, 2020, in the wake of the
tragedy originated by the explosion in a reactor of the company
IQOXE. The incident later extended to a cistern of ethylene oxide, caus-
ing three deaths and various wounded, as well as major material dam-
age. The magnitude of this explosion had a direct impact on the
people's concern, not only because of the fear to another possible acci-
dent, but also for the potential health consequences of living in the vi-
cinity of an industrial complex, where a number of toxic pollutants are
being continuously emitted. Since 2002, our laboratory has been
assessing the health risks of various environmental pollutants for the
population living in the neighborhood of this chemical/petrochemical
complex. In the last two decades, we have obtained a considerable
amount of data on the environmental levels of the analyzed contami-
nants. Other authors have also reported information on air pollutants.
In order to definitively establish whether local residents can be affected
by the chronic exposure to these contaminants, we have just started an
extensive study aimed at evaluating the potential adverse effects for the
population living near the chemical/petrochemical complex. As a pre-
liminary step, we have carefully reviewed the available scientific infor-
mation on the concentrations of various environmental pollutants in
the area. The results are here presented. Data on some pollutants ob-
tained from the Air Quality Network existing in this area, which should
be useful for conducting health risk evaluations, are also reviewed. In-
formation corresponding to the recent lockdown due to the COVID-19
is also discussed.

2. Environmental studies performed in the vicinity of the chemical/
petrochemical complex of Tarragona County

In 2002, our laboratory performed a largemonitoring study aimed at
evaluating the environmental impact and potential human health risks
associated to exposure of a number of micropollutants (Nadal et al.,
2004a, 2004b; Schuhmacher et al., 2004). The investigation, which
was the first of these characteristics in Tarragona County, was based
on the sampling of soil and vegetation, which were used as long- and
short-term environmental monitors, respectively. Samples of both
matrices were collected in several areas close to chemical and petro-
chemical industries, as well as in urban sites. For comparison purposes,
additional samples were also collected at reference points, located far
away of the industrial emissions. The study included the analysis of sev-
eral environmental pollutants, whichwere potentially emitted by those
industries: heavy metals, polycyclic aromatic hydrocarbons (PAHs), as
well as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/
2

Fs), polychlorinated biphenyls (PCBs) and polychlorinated naphtha-
lenes (PCNs). Target metals/metalloids were the following: arsenic
(As), cadmium (Cd), chromium (Cr), mercury (Hg), manganese (Mn),
lead (Pb), and vanadium (V). For most metal concentrations no signifi-
cant differences were noticed according to the area of sampling. How-
ever, V in soils and vegetation, and Cr in soils, were significantly
increased in the industrial areas with respect to background zones
(Nadal et al., 2004a). Reference samples were collected in presumably
unpolluted zones, located at >30 km from the industrial areas
(Schuhmacher et al., 2004).

According to the human health risk assessment, the ingestion of As
and the inhalation of Cr in the industrial zone were identified as poten-
tially relevant exposure pathways leading to an increase of cancer risks.
In that study,we concluded that attention should be paid toAs, Cr andV.
Recently, González et al. (2021) reviewed the scientific literature on the
occurrence of As and V in the vicinity of petrochemical complexes all
over the world, considering environmental matrices (i.e., air, dust, sed-
iments, soil, andwater) and also biological samples (i.e., blood, hair, and
urine). In general terms, the levels of As and V in environmental matri-
ces showed important fluctuations according to the area of study.More-
over, As and V concentrations in urine samples from subjects living in
petrochemical areas were higher than those found in individuals living
further. A correlation between urinary V levels and air concentrations
was also found (Chen et al., 2017).

The concentrations of PAHs and a number of polychlorinated com-
pounds (PCDD/Fs, PCBs and PCNs) were also analyzed in the same
samples of soil and vegetation collected in 2002. All these organic
chemicals showed the same soil pattern, with higher concentrations in
the industrial and urban/residential areas, and lower levels in the chem-
ical/petrochemical area and the reference sites (Nadal et al., 2004b;
Schuhmacher et al., 2004). Differences were statistically significant for
the sum of PCDD/Fs and PCBs, but not for PCNs and PAHs. In vegetation,
the highest values of PAHs were found in samples collected in residen-
tial/urban areas (Nadal et al., 2004b), while no significant differences
were observed in any of the three groups of polychlorinated compounds
(Schuhmacher et al., 2004).

These datawere used to assess human health risks derived of the ex-
posure to PCDD/Fs for adults living in two different zones (industrial
and residential) of the same area of study (Tarragona County, Catalonia,
Spain), comparing risk values according to the socioeconomic status of
the population (Nadal et al., 2004c). Although environmental exposure
was higher for the population living in the neighborhood of the
industrial area (mainly lower socioeconomic group subjects), upper so-
cioeconomic grouppopulationsweremore exposed to PCDD/Fs, consid-
ering together the direct and indirect (dietary) routes of exposure. The
results of the first monitoring program were also used to elaborate a
GIS-based risk map of the chemical/petrochemical area, considering a
multichemical perspective. The risk map was developed taking into ac-
count the soil concentrations of 7 heavy metals, 16 PAHs, 17 PCDD/Fs
and 7 PCB-congeners, as well as the potential risk of each one of these
pollutants. For it, a specific Hazard Index (HI) was derived from biblio-
graphic data on their persistence, bioaccumulation and toxicity (Nadal
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et al., 2006). Subsequently, theHIwas improved by applying probabilis-
tic tools, combining self-organizing maps (SOM) and Monte Carlo anal-
ysis. In general, the deterministic and probabilistic HIs followed a
similar pattern. In both cases, PCBs and light PAHs showed the highest
and lowest HIs, respectively (Nadal et al., 2008).

In 2005, a 5-year monitoring program aimed at evaluating the tem-
poral trends of the levels of the same environmental pollutants (heavy
metals, PAHs, PCDD/Fs, PCBs and PCNs) in soil and vegetation samples,
was initiated. In the period 2002–2005, V and PCNs significantly in-
creased their concentrations in soils, especially in the samples collected
in the chemical/petrochemical area (Nadal et al., 2007). Unlike the pre-
vious survey, only Cd andPb showed significantly higher concentrations
in the chemical/petrochemical zone, while no significant differences
were found for the remaining elements and the organic pollutants. As
part of this monitoring program, two new environmental surveillance
surveys were again performed in 2007 and 2009. As a novelty, the air-
borne concentrations of the same micropollutants were determined.
Moreover, the air profile of the same chemicals was compared to
those found in soil and vegetation. Interestingly, the concentrations of
Cr in soil samples, as well as V levels in vegetation samples collected
near the oil refinery, were significantly higher than those found in back-
ground zones.Moreover, a significant and progressive increase of V con-
centrations was also noted. In air, a detailed study of the 7 carcinogenic
PAHs and V suggested a relatively higher impact on the chemical/petro-
chemical and urban areas (Nadal et al., 2009). Similar PAH concentra-
tions were reported by Ras et al. (2009b), who analyzed the airborne
levels of these compounds in urban and industrial areas of Tarragona
County. A gas/particle partitioning study was carried out, confirming
that most hydrocarbons were in the gas phase. Phenanthrene was the
most abundant compound of the 16US EPApriority PAHs,with a contri-
bution range of 32–44%. In a subsequent study, the same researchers an-
alyzed the contents of 18 PAHs in 153matched samples of atmospheric
air and particulate matter from three sampling locations of Tarragona
County. Higher levels were reported at low-temperature periods, with
higher individual PAH concentrations observed in the gas phase, espe-
cially for the most volatile PAHs (Ramírez et al., 2011). These authors
also estimated the lifetime lung cancer risk due to PAH inhalation and
assessed the contribution to the total risk by PM10, total suspended par-
ticles, and gas phases (Cuadras et al., 2016). For that purpose, the air-
borne levels of 18 PAHs were determined in separate phases from two
different sites across Tarragona County. The gas phase accounted for
the most significant contribution to the total risk (>60%), while BaP-
bound PM10 accounted for a small contribution of the total risk (10%).
Considering this low contributive value, it was suggested that BaP-
bound PM10, which was being used as an indicator of the risk by PAHs
exposure, should be replaced. An alternative would be to consider
both, gas and particle phases, when analyzing PAHs and evaluating
the associated human health risks.

Following with the periodical surveillance program, samples of soil
and vegetation (Piptatherum sp.) were again collected in 2009, and the
levels of the same micropollutants were analyzed (Nadal et al.,
2011a). Urban soils usually presented the highest concentrations of
PCDD/Fs, PCNs and PAHs, confirming that traffic is an important
emission source of these pollutants. The contamination profile was
very similar to that found in the background (2002) study, since sam-
ples collected in zones of the complex, and in urban/residential zones,
showed the highest concentrations of PCBs, PCNs and PAHs while the
minimum values corresponded to the background sites. In addition,
substantially higher levels of PAHs and somemetals were found in veg-
etation samples collected in the chemical/petrochemical complex. The
concentrations of those chemicals in soils were used to calculate the
human environmental exposure to PCDD/Fs, PCBs, PCNs and PAHs, ac-
cording to the methodologies developed by the US EPA (Nadal et al.,
2011a). Because food consumption is the main route of human expo-
sure to these chemical contaminants, the aggregate/cumulative envi-
ronmental exposure to heavy metals, PAHs, PCDD/Fs, PCBs and PCNs
3

was also compared with the dietary intake of these pollutants by the
population living in the same zones (Linares et al., 2010). It meant a
global analysis of the results, as human health risks were assessed
from a multipollutant and multi-route perspective. Although no signifi-
cant additional non-carcinogenic and carcinogenic risks were observed,
it was concluded that the development of alternative methodologies of
risk assessment -by considering synergistic/antagonistic effects accord-
ing to the target organ or mode-of-action- was necessary. Current toxi-
cological research is focused on the application of physiologically-based
pharmacokinetic (PBPK) modeling, which simulates the time course
distribution of a substance in the human body (Fàbrega et al., 2014).
However, the US EPA suggests that the biochemical and mathematical
relationships among biomarkers, exposures, and internal dose need to
be also evaluated. Furthermore, linking exposure to health effects
using a system biology approach is yet another future challenge (Silins
and Högberg, 2011). In any case, the use of biomarkers and human bio-
monitoring are essential to evaluate the combined and aggregate expo-
sure to chemicals present in mixtures.

Multimedia models are useful tools to estimate the chemical fate of
organic chemicals in environmental systems (Diamond et al., 2001).
Considering the notable density of chemical industries and urban emis-
sion sources of PAHs in the area, Domínguez-Morueco et al. (2016) es-
timated the emissions, fate and transport of PAHs in Tarragona County
by applying the Multimedia Urban Model (MUM-Fate). The MUM-Fate
is a Level III steady-state fugacity model consisting of seven bulk
media compartments. The model was parameterized according to the
environmental conditions of Tarragona County. It was used to back-
calculate emissions from measured air concentrations of 6 individual
PAHs (naphthalene, anthracene, phenanthrene, fluoranthene, pyrene
and benzo[a]pyrene). The PAH estimated emissions by all the stationary
and mobile sources were 42 t/year, with phenanthrene showing the
greatest value (16 t/year). The results provided a first approximation
of the emissions and fate of PAHs in Tarragona County. Another specific
study of benzo[a]pyrene (BaP) was conducted -by using modeling and
field-based data- to estimate the levels and geographical distribution
of BaP in air and soils in a time series between 1996 and 2015
(Domínguez-Morueco et al., 2019). Because of the scientific concern of
the climate change impact on the concentrations of persistent organic
pollutants (POPs) and other chemical contaminants (Nadal et al.,
2015), the regional distribution of atmospheric and soil BaP levels in
the period 2031–2050 was also estimated under the more extreme cli-
mate change scenario RCP 8.5. Based on the projections, it was con-
cluded that the current EU air limit for BaP (1 ng/m3) will not be
reached in 2050. However, there will be an increase in the life-time
risk of lung cancer in Tarragona County (Domínguez-Morueco et al.,
2019).

A multi-component environmental monitoring study of five classes
of semi-volatile organic compounds (SVOCs), including not only PAHs
and PCBs, but also synthetic musks (SMs), brominated flame retardants
(BFRs) and hexachlorobenzene (HCB) in samples of soil and vegetation,
was conducted byDomínguez-Morueco et al. (2018). PAHsweremainly
associated with the presence of a nearby highway and several roads
with heavy traffic, as well as the presence of chemical industries. PCBs
prevailed in the chemical area in both matrices, probably associated
with the presence of two sub-electrical stations located in the neighbor-
hood. In turn, SMsweremore abundant in background areas, suggesting
an influence of the personal care products derived from beach-related
tourism on Tarragona County coast. As an alternative to the most
common environmental monitors, soil and vegetation, Domínguez-
Morueco et al. (2017) carried out a comparative investigation of the
suitability of using passive air samples (PAS) and lichen transplants
(Ramalina fastigiata) to evaluate the pollution by PAHs in different
zones of Tarragona County. The highest concentrations of PAHs in
both passivemonitoring tools were found in the vicinity of the oil refin-
ery. In fact, a significant positive linear correlation was observed be-
tween the concentrations of low molecular weight PAHs in lichens
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and the amounts accumulated in passive air samples, suggesting that li-
chens might be used to monitor gas-phase PAHs.

Although the environmental occurrence of POPs and heavy metals
has been extensively studied in Tarragona County, the presence of
other environmental pollutants has not been neglected. Since volatile
organic compounds (VOCs) are closely associated to the industrial emis-
sions, in recent years a number of investigations have focused on this
group of chemicals. Ras et al. (2009a) analyzed the concentrations of
VOCs in ambient air in samples collected at urban and industrial sites
of Tarragona County. Data from 192 air samples were collected from
May to October 2007 at six air pollution measurement stations, being
determined the levels of 65 VOCs, some of them ozone precursors.
One year later, the same researchers updated this information by
analyzing the airborne concentrations of VOCs for a year at urban and
industrial areas from the same area (Ras et al., 2010). The most
abundant compound in all samples, either urban or industrial, was i-
pentane. Moreover, point and simultaneous emissions of ethylbenzene,
xylenes, styrene and toluenewere detected in the industrial zones, near
the facility where these compounds were produced.

The risk associated to inhalation of VOCs by the population living
near the chemical/petrochemical complex of Tarragona County was
also characterized (Ramírez et al., 2012). None of the quantified VOCs
showed average concentrations exceeding their chronic reference con-
centrations. Therefore, non-carcinogenic health effects were not ex-
pected as a result of this exposure. By contrast, the global average
cancer risk due to exposure to VOCs in the zone was well above the
threshold levels set by the World Health Organization (WHO) and the
United States Environmental Protection Agency (USEPA).

Taking into account that benzene is carcinogenic to humans, it is one
of the VOCsmore frequently monitored in ambient air. In the EU, an an-
nual threshold of 5 μg/m3 is set to protect human health. Recently,
Notario et al. (2020) reported atmospheric benzene measurements in
the main metropolitan and industrial areas across Spain from 2014 to
2017. Annual mean levels ranged between 0.3 and 2.4 μg/m3, with an
hourly maximum value of 112 μg/m3 in Tarragona County. This concen-
tration differed by almost one order of magnitude with respect to those
found in Spanish urban areas (e.g., 12 μg/m3 in Sevilla and Barcelona
urban stations), and twice the second largest recorded in the industrial
area of Aviles (Asturias) (60 μg/m3). Interestingly, industrial stations
were pointed out to reach concentrations of one order of magnitude
greater than urban sites (Notario et al., 2020).

Another VOC of notable concern for the population of Tarragona
County is 1,3-butadiene, another carcinogenic compound. The early
life exposure to 1,3-butadiene has been associated to an increased risk
of acute lymphocytic leukemia (Symanski et al., 2016). 1,3-butadiene
can be emitted to the atmosphere from several sources, but especially
by petrochemical industries (Gallego et al., 2018a). In the period
2013–2017, several monitoring campaigns were conducted in twelve
Catalan urban areas (including five near to the Tarragona County chem-
ical/petrochemical complex) in order to determine 1,3-butadiene
concentrations in outdoor air (Gallego et al., 2018a). Sampling points
near the petrochemical facilities showed the highest average levels
and the maximum 24 h concentrations of 1,3-butadiene. These same
researchers also carried out a comparative study of the relative perfor-
mance of active and passive sampling methods for the analysis of 1,3-
butadiene in outdoor air (Gallego et al., 2018b). It was concluded that
Radiello® samplers might be used for baseline 1,3-butadiene levels,
whereasmulti-sorbent bed tubeswould be advisablewhen relevant ep-
isodes are expected. In addition, these authors also validated a commer-
cially available metal oxide semiconductor gas sensor for the activation
of a VOCs sampler when episodic events of nuisance/odorous annoy-
ance occur. For that purpose, air VOC concentrations in daily 24 h sam-
ples and daily episodic samples collected over a period of 14 days
(January–February 2019) were simultaneously measured in El Morell,
a little town near the Tarragona chemical/petrochemical complex
(Gallego et al., 2019).
4

Since the inhalation of particulatematter (PM)has been linked to se-
rious adverse health effects, PM analysis has been also conducted in Tar-
ragona County. Sánchez-Soberón et al. (2019) separately determined
the content of coarse (PM10–2.5), accumulation mode (PM2.5–0.25), and
quasi-ultrafine (PM0.25) particulates in air samples collected inside
twelve educative centers of Tarragona County during two seasons
(cold and warm). A chemical characterization of the different PM frac-
tions was conducted, being also evaluated the respiratory and digestive
risks for children. Health risks were below the safety thresholds, with
fine fractions being the main risk contributors. Recently, Rovira et al.
(2020) assessed the impact to human health of air pollutants through
the integration of different technics: data statistics (spatial and tempo-
ral trends), population attributable fraction using AIRQ+ model devel-
oped by the WHO, and burden of disease using Disability-Adjusted
Life Years (DALYs). Air levels of PM10 and PM2.5, as well as data on the
levels of SO2, NO, NO2, O3, H2S, benzene, CO, benzo(a)pyrene and
metals, obtained between 2005 and 2017 from the air quality monitor-
ing network across Tarragona County, were temporally and spatially
assessed. Interestingly, PM2.5-associated lung cancer, ischemic heart
disease, stroke and chronic obstructive pulmonary disease were above
the WHO threshold limits, with DAYLs calculated at 240 years (Rovira
et al., 2020). Previously, Nadal et al. (2011b) had used the data from
the same network of surveillance and prevention of atmospheric con-
tamination to generate a risk map of the same area by applying geo-
graphic information system (GIS) and fuzzy logic tools. This tool was
subsequently applied to the case-study of the chemical/petrochemical
complex of Tarragona County by generating risk maps.

Although petrochemical complexes and oil refineries are well
known sources of awide range of environmental pollutants, thenumber
of epidemiological and ecological studies aimed at assessing the poten-
tial harmful health effects of living near these facilities is quite limited.
In a recent review, Domingo et al. (2020) concluded that leukemia
and other hematological malignancies are the main types of cancer ob-
served in populations living close to petrochemical industries. In addi-
tion, a high incidence of lung and bladder cancer, as well as an excess
mortality of bone, brain, liver, pleural, larynx and pancreas in individ-
uals living near oil refineries, was also found. Furthermore, adverse
health outcomes other than cancer were also reviewed (Marquès
et al., 2020). An increase in the prevalence of asthma and other respira-
tory problems in children and adults, as well as reproductive outcomes
in pregnant women, were associated to living in the surroundings of
petrochemical complexes. Based on this, the authors recommended to
conduct all the necessary studies for each specific area with the aim to
take the appropriate measures to significantly reduce the levels of air
pollutants and their adverse health effects.

Unfortunately, epidemiological information regarding the potential
health effects of air emissions by the chemical/petrochemical complex
of Tarragona County is not currently available. The only single investiga-
tion on this topic was conducted by Rovira et al. (2014), who evaluated
the association between residential proximity to the chemical/petro-
chemical complex of Tarragona County and the prevalence of asthma,
respiratory symptoms and lung function in children. Although a higher
prevalence could not be proved, respiratory hospitalizations and noc-
turnal cough were related to short-term exposures to air pollutants.
Anyhow, the same authors pointed out that other clinical and sub-
clinical respiratory health effects in the area should be investigated
(Rovira et al., 2014). In the scientific literature, there is abundant infor-
mation regarding the effects of general ambient air pollution on preg-
nancy and birth outcomes (Segal and Giudice, 2019; Marquès et al.,
2020; Gómez-Roig et al., 2021). Some of these studies have explored
the relationship between residential proximity to oil and gas wells
and birth outcomes in urban and rural areas (Tran et al., 2020).
However, information on the effects for pregnant women living near
petrochemical complexes is much more limited. Furthermore, none of
these investigations were conducted in Tarragona County, so adverse
health outcomes of prenatal exposure in this area remain unexplored.
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Table 2
Air quality monitoring stations in Tarragona County region considered in present study.

Station Coordinates
UTM 31 North

Altitude (m) Pollutants Bg

Alcover 347665, 4571462 238 SO2, NO2, H2S, O3, CO RI
Bonavista 348300, 4553400 39 SO2, NO2, H2S, PM10, PM2.5 SI
Constantí 350550, 4557690 56 SO2, NO2, H2S, O3, Bz, PM10, PM2.5, metals, B[a]p SI
El Morell 350185, 4561472 60 Bz (since 2017) RI
Laboral 349010, 4552030 5 SO2, NO2, H2S, Bz, PM10, PM2.5 SI
La Canonja 347116, 4553232 40 Bz (since 2017) RI
La Pineda 347803, 4549885 5 Bz (since 2017) SF
Perafort 352230, 4561950 97 SO2, NO2, H2S, Bz RI
Reus 342355, 4557402 102 SO2, NO2, H2S, O3, Bz, PM10, CO, metals ST
Sant Salvador 352405, 4558155 57 SO2, NO2, H2S, Bz ST
Tarragona 352474, 4553482 13 SO2, NO2, H2S, O3, Bz, PM10, PM2.5, CO, metals UT
Vila-seca 344920, 4553050 41 SO2, NO2, H2S, O3, Bz, PM10, PM2.5, metals SM

Bz: benzene; B[a]p: benzo(a)pyrene; metals: As, Cd, Ni, and Pb.
In background (Bg), the first letter indicates use of soil; S:suburban; R: rural; U:urban; while the second letter indicates sources influence: T: traffic; I: industrial; M: mix.

J. Rovira, M. Nadal, M. Schuhmacher et al. Science of the Total Environment 787 (2021) 147550
Since 1998, a pre-operational surveillance program of a hazardous
waste incinerator (HWI) located in Constantí, near the oil refinery,
was initiated (Marquès et al., 2018). This programwas based on the pe-
riodical determination of the contents of PCDD/Fs and heavy metals in
environmental samples and food collected in the surroundings of the fa-
cility, as well as the analysis of a number of biomonitors from the local
population. Breast milk, adipose tissue and plasma were used to moni-
tor any changes of PCDD/Fs body burdens, while human hair, autopsy
Fig. 1.Main industrial emission sources (red) and air quality

6

tissues and total blood were chosen as biomonitors of heavy metals
(García et al., 2021). In the most recent biomonitoring campaign, per-
formed in 2017–2019, a significant decrease of PCDD/Fs levels in the
three evaluated monitors, compared with data from the baseline
(1998) survey, was registered (Nadal et al., 2019; Schuhmacher et al.,
2019; García et al., 2021). This reduction in the body burdens of
PCDD/Fswas in agreementwith their dietary intake, which significantly
reduced between1998 and 2018 (González et al., 2018).With respect to
monitoring stations (yellow dots) in Tarragona County.



Table 3
Mean annual concentrations of air pollutants levels measured by the Air Quality Network (AQN) of Tarragona County.

Pollutant Station 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

NO2 Alcover 10 11 12 12 12 11 11 12 10 10 12 9 10 8 10
Constantí 24 18 18 14 20 17 17 11 16 17 19 18 17 16 18
Perafort 17 13 13 14 15 15 13 14 12 11 11 11 10 9 10
Reus 21 22 19 17 23 23 21 20 19 18 19 19 18 18 18
Bonavista 26 28 27 23 20 23 23 22 19 20 24 20 22 21 18
Tarragona 30 26 32 28 30 29 26 26 24 23 25 23 23 22 22
Sant Salvador 30 24 24 26 25 24 25 25 22 21 22 19 19 17 18
Laboral 24 22 25 24 26 27 23 19 19 20 21 21 22 20 18
Vila-seca 26 24 25 22 22 22 23 22 19 20 22 20 21 18 17

SO2 Alcover 6 5 7 4 6 4 5 4 2 2 3 3 3 3 3
Constantí 4 3 5 5 7 6 4 2 2 2 5 5 4 5 5
Perafort 5 4 7 4 3 3 4 3 3 2 2 2 2 2 2
Bonavista 4 4 4 3 3 2 3 2 1 3 3 3 3 3 3
Tarragona 4 3 4 3 3 2 2 2 2 2 2 2 2 2 2
Sant Salvador 7 5 8 4 4 3 4 3 3 2 2 2 3 2 3
Laboral 8 4 4 3 5 3 3 2 2 2 2 2 2 2 2
Vila-seca 2 2 2 2 2 2 2 2 2 2 2 3 3 3 2
Reus 6 3 3 2 3 3 – 1 – – – – – – –

O3 Alcover – 67 68 55 65 69 69 70 73 69 70 69 71 68 73
Constantí 49 53 53 56 51 56 57 55 58 55 57 56 56 57 54
Reus 47 47 52 54 57 59 53 58 63 59 58 56 57 61 62
Tarragona 52 52 49 51 51 53 51 53 56 52 53 52 55 56 58
Vila-seca 56 54 50 51 55 56 55 57 58 54 56 54 58 56 57

PM10 Constantí 41 43 35 33 22 17 22 24 19 18 23 20 20 22 20
Reusa – – – – 28 24 26 24 20 24 25 22 21 19 18
Reus 43 42 36 36 29 23 28 – – – – – – – –
Bonavistaa – – – – 28 25 28 18 – 16 22 17 19 19 19
Bonavista 36 40 36 35 29 20 23 22 18 19 22 21 21 19 20
Tarragona 36 41 32 31 28 23 24 22 17 19 – – 22 20 22
Laboral 41 36 31 30 26 21 24 23 17 20 21 20 21 19 21
Vila-secaa – – – – 32 27 28 23 – 17 25 17 20 18 18
Vila-seca 52 41 34 32 28 21 26 27 20 21 27 27 24 23 22

PM2.5 Constantí – – – 12 13 11 13 14 12 11 15 11 11 10 10
Bonavista – – – – 16 15 15 11 9 11 13 10 11 11 11
Tarragona – – 15 13 14 10 11 15 13 12 – – – – –
Laboral – – – 9 12 11 12 14 12 11 15 11 12 10 10
Vila-seca – – – – 18 16 17 14 10 12 16 11 13 12 11

H2S Alcover 1.2 1.4 1.6 1.3 1.0 1.1 1.0 1.1 1.0 1.1 1.2 1.3 2.0 1.7 2.3
Constantí 1.2 2.2 3.1 2.1 3.5 1.7 2.0 1.9 1.7 1.7 1.9 1.8 1.9 2.1 1.4
Perafort 1.5 1.3 1.1 1.8 1.5 2.0 1.3 1.4 1.3 1.3 1.5 1.5 1.4 1.4 1.5
Reus 1.2 1.3 1.5 1.1 1.1 1.1 1.0 1.1 1.1 1.4 1.2 1.1 1.2 1.1 1.2
Bonavista 1.2 1.3 1.1 1.4 1.7 1.6 1.5 1.5 1.6 1.9 1.8 1.8 1.6 1.8 1.4
Tarragona 1.1 1.2 1.9 2.3 1.9 1.8 1.4 1.4 1.6 1.6 2.0 1.9 2.0 2.0 2.7
Sant Salvador 1.7 1.6 1.7 1.5 1.8 1.5 1.3 1.3 1.7 1.2 1.2 1.2 1.3 1.3 1.3
Laboral 2.6 2.2 1.5 1.4 1.4 1.3 1.5 1.5 1.5 1.5 1.6 1.8 2.0 1.5 2.6
Vila-seca 1.1 1.5 1.3 1.2 1.4 1.7 1.4 1.4 1.2 1.3 1.2 1.5 1.4 1.3 1.3

B[a]P Constantí – – – 0.16 0.12 0.11 0.13 0.2 0.18 0.18 0.18 0.16 0.16 0.15 0.16
Reus – – – 0.15 0.27 0.17 – – – – – – – – –
Vila-seca – – – 0.17 0.12 – – – – – – – – – –

Benzene Constantía 6.2 4.4 3.9 4.9 5.0 3.7 2.1 1.5 2 1.5 1.7 1.2 1.6 1.8 1.4
El Morell – – – – – – – – – – – – 2.8 2.0 2.4
La Canonja – – – – – – – – – – – – 2.9 1.7 2.6
Peraforta – – – – – – – – 0.8 0.8 0.7 0.7 0.7 0.9 0.7
Perafort – – – – 1.3 1.0 1.0 0.8 1.2 – – – – – –
Reus 1.1 1.3 1.0 0.9 0.8 0.7 1.1 0.8 0.8 1.1 1.1 1.1 1.0 0.8 0.7
Tarragona 1.2 1.2 1.1 1.0 0.9 0.9 1.2 0.9 0.9 1.1 1.1 1.1 1.1 0.8 0.9
Sant Salvador 1.1 1.3 1.2 – 1.1 – 1.0 0.7 – – – – 1.0 0.8 0.8
Laboral – 2.1 2.3 2.0 1.6 1.8 1.8 1.6 1.3 1.5 1.5 1.2 1.6 1.2 1.1
Vila-seca – – – – – – – – – – – 1.0 0.9 0.7 0.9
La Pineda – – – – – – – – – – – – 3.6 2.9 2.5

As Constantí 0.9 1.2 2.0 1.3 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Reus 0.9 1.2 2.0 1.3 0.5 0.5 0.5 0.6 0.6 0.6 0.6 – – – –
Tarragona 1.1 1.1 2.0 1.3 0.5 0.5 – – – – – – – – –
Vila-seca 1.3 1.2 2.1 1.3 0.6 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Cd Constantí 3.0 2.8 2.0 1.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Reus 3.0 2.6 2.2 1.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 – – – –
Tarragona 3.0 2.7 2.0 1.1 0.1 0.1 – – – – – – – – –
Vila-seca 3.0 3.0 2.0 1.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Ni Constantí 5.6 7.4 4.5 4.4 2.9 3.2 3.3 3.7 2.7 3 2.8 2.6 2.7 2.6 2.6
Reus 5.8 7.7 6.6 4.6 3.1 2.9 2.4 3.6 2.8 2.8 3.2 – – – –
Tarragona 4.8 7.0 4.3 4.2 3.9 2.3 – – – – – – – – –
Vila-seca 9.9 11.1 5.6 5.3 4.1 5.8 6.7 4.9 8.2 4.1 6.5 3.8 5.2 4.3 3.8

Pb Constantí – 12.4 11.3 7.7 3.3 3.5 5.1 4.8 4.2 3.5 3.4 3.0 2.5 3.0 2.8
Reus – 11.4 10.6 6.9 3.1 3.6 3.0 4.2 3.6 3.7 4.1 – – – –
Tarragona – 10.2 10.5 7.0 3.8 4.5 – – – – – – – – –
Vila-seca – 12.0 10.5 6.4 3.3 4.7 4.9 3.8 4.7 3.8 4.3 3.6 3.7 2.8 3.1
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heavy metals, most trace elements did not show significant differences
after 20 years (Esplugas et al., 2019, 2020),with the only exception of Ni
in lung and Cr in both, kidney and bone from autopsied subjects, whose
levels significantly increased (García et al., 2020). To the best of our
knowledge, this is the only biomonitoring study performed in the
area, being limited to the environmental impact of the HWI.

The studies performed in Tarragona County in the last two decades
showing the year of the sampling, kind of environmental samples ana-
lyzed, and pollutants analyzed, are summarized in Table 1.

3. Air quality in the chemical/petrochemical area of Tarragona
County

3.1. Standard data

Data on air quality in the area were obtained from the open data re-
pository of the Department of Territory and Sustainability of the Auton-
omous Government of Catalonia (Gencat, 2021). The location and
characteristics of the Air Quality Network (AQN) stations in Tarragona
County are shown in Table 2, while the main emission sources and the
location of the AQN stations are depicted in Fig. 1. The mean levels of
air pollutants for each station – between 2005 and 2019 – are summa-
rized in Table 3. In addition, the concentrations of air contaminants
have been also depicted according to the specific location of the stations
(urban, suburban and rural zones) (Fig. 2), as well as the closest emis-
sion sources (namely industrial, traffic andmix) (Fig. 3). For NO2, a con-
siderable effect of the urban environment and traffic was detected.
Urban and other traffic-influenced stations showed higher levels of
NO2 than those registered in rural or industrial stations (Figs. 2 and 3).
In general, a clear decreasing tendency was observed between 2005
and 2019. Neither mean annual levels nor hourly mean concentrations
were higher than their respective European legal limits: 40 μg/m3 and
200 μg/m3, respectively. Similar differences and trends were also
noted for PM10. Thus, higher PM10 levels in traffic-influenced stations
were observed, with a more pronounced decrease between 2005 and
2019.With the exception of some stations in 2005 and 2006, the annual
mean PM10 limit (40 μg/m3) and the daily mean PM10 threshold
(<50 μg/m3 for more than 35 times in a year) were not exceeded. How-
ever, the WHO air quality guidelines for PM10 and PM2.5, whose annual
mean is set at 20 and 10 μg/m3, respectively, were systematically
reached (WHO, 2006).

A different trend was observed for O3, whose levels were higher in
the rural zone of Alcover than in other urban and suburban stations. In
that location, O3 usually shows high concentrations due to the wind re-
gimes blowing from the sea (form south to north), as wind transports
NO2 and VOCs from the urban and industrial areas. In addition, the pres-
ence ofmountains in Alcover does not allow thedispersion of O3 (Rovira
et al., 2020; Jiménez and Baldasano, 2004). An increasing trend was ob-
served between 2005 and 2019, which was possibly due to the reduc-
tion of PM10 levels. This decrease would be translated in a net increase
of solar UV radiation, which eventually promotes an increase of O3 syn-
thesis (Li et al., 2011; Rovira et al., 2020). The O3 objective value for the
protection of the vegetation did not exceed the value of 18.000 μg/m3·h
in an average of 5 years (periods May–July). Since 2014, this objective
was systematically unaccomplished in the station of Alcover, while
values in Constantí station were close to that guideline. For the protec-
tion of human health, the daily maximum 8-hour average should not
exceed a level of 120 μg/m3 more than 25 times per year. Although
this threshold was not exceeded, values were close to those found in
the Alcover station. In addition, the daily maximum 8-hour average of
O3 reached the threshold set at 100 μg/m3 by WHO (2006), every year
in most stations. Several significant Pearson's correlations between
Notes to Table 3:
All values are given in μg/m3, excepting As, Cd, Ni and Pb, as well as B[a]P that are given in ng/
a PM10 and benzene were analyzed by means of automatic measurement equipment.
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airborne pollutant concentrations were found (Fig. 4). Positively signif-
icant (p < 0.01) Pearson's correlations were noted between NO2 and
SO2, PM10, PM2.5, CO, benzene and Cd; between SO2 and NO2, PM10,
CO, benzene, As, Cd and Pb; and between PM10 and NO2, SO2, CO
benzene As, Cd, Ni and Pb. However, O3 showed a negatively significant
correlation with several environmental contaminants (i.e., NO2, SO2,
PM10, CO, benzene, Ni and Pb).

None of the above-mentioned pollutants is a specific marker of the
emissions of petrochemical industries. Unfortunately, 1,3-butadiene,
which is an important pyrolysis product of crude oil and gas (Fukusaki
et al., 2021)., as well as other VOCs different from benzene, are not rou-
tinelymonitored in AQN stations. A number of emission sources such as
all combustion processes, which include road traffic, domestic heating
system or agricultural burning, among others, can emit these pollutants.
However, for benzene -the only VOC analyzed in this AQN- all stations
showed values quite below the legal annual limit, set at 5 μg/m3. The
only exception was the Constantí station, between 2005 and 2009 (3.9
to 6.0 μg/m3), where benzene levels either exceeded or were close to
that limit. Notwithstanding, in recent years (2017–2019) three new sta-
tions have been added to the AQN. These stations are placed in ElMorell,
La Canonja and La Pineda, nearby villages directly impacted by emis-
sions of the chemical/petrochemical complex. These three stations,
which only analyzed benzene levels during a 30% of the year, registered
higher (2–3 times) concentrations than the others stations in the zone,
being also below but near the annual legal limit (5 μg/m3).

3.2. Data during the first COVID-19 lockdown

As in other areas (Tobías et al., 2020; Querol et al., 2021), during the
Spanish full lockdown, occurred between March 16 and May 10, 2020,
air pollution in Tarragona County dramatically diminished (unpub-
lished data). Doubtless, it was due to the reduction of traffic density. Un-
fortunately, information regarding the potential changes in the activity
of the chemical/petrochemical complex is not available. Therefore, it
cannot be discernedwhether this decreasewas partly due to a decrease
of the industrial activity. Anyhow, as they are considered as part of the
essential sectors, most industrial companies did not decrease their ac-
tivities. For example, for NO2, a reduction of approximately 50% was
noted in several air quality stations (Alcover, Constantí, Perafort, Reus,
Tarragona, Sant Salvador and Laboral) comparedwithmean values reg-
istered between March and May in the last six years (2014–2019). In
Vila-seca and Bonavista stations, which are close to the southern chem-
ical/petrochemical complex, the reduction was 39%. It decreased from
19.5 μg/m3 in the period March–May of the last six years to 12 μg/m3

registered during the lockdown. Similarly, PM10 levels were also re-
duced by 30% during the lockdown, compared with the same 3-month
period in the previous six years. The only exception was Vila-seca sta-
tion, where PM10 increased in a 13% (20 and 18 μg/m3 during the lock-
down and the March–May period of the last six years, respectively). In
turn, the reduction for O3 was around 10% in Alcover, Reus, and Vila-
seca. In Constantí and Tarragona stations, O3 levels remained stable,
with an increase of 1% and a reduction of 3%, respectively. Similar trends
were observed for NO2 and PM10 levels elsewhere, because of reduced
traffic density (Tobías et al., 2020). Interestingly, an increase in O3 con-
centrations was reported in some Spanish cities (Barcelona and Valen-
cia), while in other cities (Lleida, Pamplona, Madrid and Zaragoza) O3

levels reduced or kept similar (Briz-Redón et al., 2021).
The AQN of the Tarragona County is not specifically designed to

monitor air pollutants derived from the emissions of industries located
in the area. Instead, they are aimed atmeasuring general environmental
contamination due to traffic and other fuel combustion activities. Al-
though several efforts have been done in recent years in order to
m3. B[a]P: benzo(a)pyrene.
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Fig. 4. Pearson's correlations between annual levels of pollutants in Tarragona County. Bold numbers indicate p < 0.05, while those bold and underlined indicate p < 0.01.
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measure benzene concentrations in population nuclei closest to these
facilities, it is still necessary to strength these efforts. Increasing the
number and the spatial and temporal coverage of VOCs monitored, as
well some metals/metalloids directly related with the activities of the
chemical/petrochemical complex such as As or V (González et al.,
2021), is essential in order to detect potential sporadic and operational
episodes that could mean a negative impact for the health of the popu-
lation living in the vicinity of the complex. Furthermore, a detailed study
of pollutants released by chemical/petrochemical industries, irrespec-
tive of the obligatory nature of the environmental legislation, should
be conducted. The geographical deployment of stations and the choice
of target pollutants must take into account that one of the main objec-
tives of air pollution surveillance networks is public health protection.
Finally, the potential interactions among pollutants of regulated and
non-regulated air pollutants should be also considered. In this particular
case, a larger number of carcinogenic substances, including 1,3-butadi-
ene as a specific target substance of petrochemical emissions, should
be analyzed in AQN cabins. Currently, the available information relative
to the environmental concentrations of carcinogenic substances, espe-
cially in air, is excessively short, and only limited to chemicals restricted
by law. Moreover, the potential interactions among chemicals with the
same toxic endpoints (e.g., cancer) are not considered at all.

4. Conclusions

Although the chemical/petrochemical complex of Tarragona County
initiated its operations in the 1960s, an in-time exhaustive and contin-
ued control of air pollutants emitted by the important number of chem-
ical and petrochemical industries located in the area has not so far
existed, despite the potential health risks of most air chemicals. Only a
few point scientific studies have been conducted, starting in 2002,
more than 30 years after the complex started to operate. On the other
hand, the AQN of Tarragona County only measures certain air
11
contaminants and does not distinguish its origins (industrial, traffic,
etc.). Importantly, potential serious adverse carcinogenic (Domingo
et al., 2020) and non-carcinogenic (Marquès et al., 2020) health effects
have been associated to living near large petrochemical complexes. In
the current paper, all the available scientific information on the concen-
trations of air pollutants related with the activities in the chemical/pet-
rochemical complex of Tarragona County has been reviewed. Taking
into account the complexity of this issue, the lack of specific biological
monitoring studies on human health, as well as the increasing concern
by the population living near the chemical/petrochemical industries, it
is essential to perform an in-depth analysis of the current health status
of the population of Tarragona County.
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