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Abstract. The Estarreja area (North of Portugal) has been subject to intense industrial pollution
and host the second largest chemical industry complex in the country, which produced mainly
ammonium sulphate, nitric acid and ammonium nitrate, but also synthetic resins. The CNRS’ Human—
Environment International Observatory of Estarreja (OHMi Estarreja) aims to study the multiple
effects of this industrial activity on the man-environment relationship, considering the temporal
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dimension, marked by changes in industrial practices. Another OHMi Estarreja originality is that
human health projects are being carried out at the local level, under a double geochemical and socio-
behavioral approach. Lastly, the Estarreja region is also part of one of the most important wetland

ecosystems from Portugal, the Baixo Vouga Lagunar. This area is highly vulnerable and currently faces

a set of natural and anthropogenic pressures. The overall interdisciplinary understanding of the risk
induced by the chemical complex was possible by several complementary approaches: (a) spatial-
temporal evolution of the contamination level, (b) health studies of the Estarreja population, and
(c) societal changes in Estarreja area. The results showed a complex relationship between industrial
pollution and health risks. During these first 10 years of OHMi existence, the bibliographic research
as well as the study of the titles of the funded projects clearly show the interdisciplinarity in place to
address this complex issue of human-environment interactions.

Keywords. Bibliography, Environment, Health, Pollutions, Projects, Risk assessment, Society.

Published online: 29 November 2023

1. Estarreja Chemical Complex (ECC) indus-
tries (history, production)

Estarreja is a municipality of about 27,000 inhab-
itants with an area of 108.40 km?, located nearby
the largest brackish water lagoon in Portugal (Ria de
Aveiro—Central Region of Portugal) (Figure 1). The
Ria de Aveiro is an ecologically rich environment,
a natural habitat for many aquatic and terrestrial
species, and is defined as a Special Protection Area
under the European Directive for the protection of
birds [ELA-European Lung Association, 2013]. De-
spite the significant urbanization of the region, a ru-
ral character, marked by agricultural activity and di-
versified fishing activity in the lagoon and in the sea,
persists.

Since the early 1950s, the Estarreja Chemical Com-
plex (ECC), has an intense industrial activity with
negative impacts on air, soil, sediment, surface water
and groundwater. Notwithstanding, population his-
torically relies on groundwater as a source of water
supply for human, cattle, and agricultural uses.

During five decades, the liquid effluents from
the Estarreja Chemical Complex (ECC) were dis-
charged to the Ria de Aveiro lagoon or deposited
in evaporation ponds, through open channels and
pipelines [Costa and Jesus-Rydin, 2001]. These ef-
fluents were rich in benzene, monochlorobenzene,
mononitrobenzene, aniline, methanol, hydrocar-
bons, mercury, arsenic, zinc, lead, chlorides, sodium,
sulphates, nitrates, nitrites, nitrophenols, formalde-
hyde and aniline [Costa and Jesus-Rydin, 2001, Or-
dens, 2007]. Solid wastes were also deposited for
decades, without waterproofing, in three different
parks: (1) around 5 ha containing 300,000 t of cal-
cium hydroxide sludges with small amounts of car-

bide and acetylene impurities resulting from the
vinyl chloride monomer manufacturing; (2) around
60,000 t of sludges rich in mercury, sodium chlo-
ride, calcium sulphate, calcium carbonate, mag-
nesium hydroxide, calcium hydroxide and iron re-
sulting from chlorine and caustic soda production;
and (3) around 150,000 t of sludge rich in arsenic,
mercury, zinc, copper, vanadium, and iron resulting
from the treatment of pyrites [Costa and Jesus-Rydin,
2001, Ordens, 2007]. In addition to the identified
contaminants, many others were present in raw ma-
terials (as principal product or as co-contaminants)
or could be produced as by-products or may even
result from degradation of major contaminants.
Some of these were identified (e.g., polychloro-
biphenyls (PCBs), hexachlorobenzene and volatile
organic compounds (VOCs)) [Costa and Jesus-Rydin,
2001, Ordens, 2007, Cachada et al., 2012, Grilo et al.,
2013, Nunes et al., 2013], but many others could be
unknown.

Since the implementation of the project ERASE
(concluded in 2005), which included the construc-
tion of a landfill for the pyrite residues and contam-
inated sludges, together with the improvements of
waste management and of the industrial processes,
and concomitantly to the existence of legislation and
a more restrict control of it, it would be expected
that releases of contaminants from the ECC have
been decreased. However, recent studies still report
signs of contamination in the area, which are likely
to be related with the legacy left by past management
measures [Cachada et al., 2012, Marques et al., 2018,
Cabral Pinto et al., 2020a,b].

Despite the several studies performed in the
last decades to evaluate the organic and inorganic
contamination of different compartments on the
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Figure 1. Location (A), geological (B) and land-use (C) maps of the OHMi area from Cabral Pinto et al.

[2018].

terrestrial environment nearby the ECC, such as:
atmosphere [Borrego and Pio, 1991, Nunes et al,,
2013], groundwater [Barradas et al., 1992, Reis et al.,
2009, Marques et al., 2018, Cabral Pinto et al., 2020b],
soil [Barradas et al., 1992, Costa and Jesus-Rydin,
2001, Cachada et al., 2012, Anjum et al., 2013, Coelho
et al., 2018, Cabral Pinto et al., 2020a], street dusts
[Patinha et al., 2015a,b, Marinho Reis et al., 2018],
and biota [Cabral Pinto et al., 2020b, Reis et al., 2009,
Anjum et al., 2013, Coelho et al., 2018], a clear pic-
ture of the current situation is still missing. Indeed,
a holistic risk assessment analysis for this area has
never been done. Even though studies are increas-
ingly comprehensive and interdisciplinary, most of
them are still focused on a specific question, some-
times limited to only one matrix and to a small
area, resulting in scattered data. Indeed, this is a
very complex problem since several issues must be
considered, i.e., the environmental compartments
affected, the types of contaminants present (with
different behavior, sources, and pathways), the land
uses and receptors affected and the legacy vs current
emissions.

2. Genesis of OHMi Estarreja

We approach the very tough complexities of exten-
sively anthropized ecosystems whose understanding
demands interaction between the full range of en-
vironmental sciences, from geology, life up to so-
cial sciences. Chernokian [2021] described it well

and underlined that interdisciplinarity is a structural
constraint in such observatories. Thus, a compre-
hensive interdisciplinarity facility within the French
CNRS was implemented since 2007 to address with
this situation: the Human-Environment Observato-
ries (Observatoires hommes-milieux, OHMs). Thus,
the OHMs are dedicated to the study of heavily an-
thropized sites hit by a “disrupting event”, which has
disturbed the ecological, economic and social bal-
ances that have developed over decades in the local
socio-ecological conditions.

In this context, the OHMi Estarreja researches
done in this area previous to 2010, were focused
on the impact of the industrial activity on the geo-
chemical aspects of contamination [Hall et al., 1985,
1987, Pio and Anacleto, 1988, Pio et al., 1989, Bar-
radas et al., 1992, Inacio, 1993, Tavares, 1995, Pereira
et al., 1998, Cachada et al., 2009]. Studies regarding
the relationship between industrial activities, pop-
ulations, their health status, and biological ecosys-
tems remained in an early state. In fact, a compre-
hensive vision of the multiple impacts of the in-
dustrial complex was lacking. Thus, the human fac-
tor can no longer be considered either as a variable
that distorts a natural ecosystem, or as a component
of a socio-ecosystem in which an “anthroposystem”
interacts with a natural biophysical “ecosystem”. It
must be seen as one of the components of a single
ecosystem, in which the anthropic interacts directly
with the abiotic and the biotic to constitute what we
will call a Single EcoSystem (SES) [Chernokian, 2021].
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Moreover, each of the studies was limited in time,
and not allowed the understanding of the qualitative
evolution of human-environment relations over sev-
eral decades. The “public health” dimension seemed
particularly neglected.

At this stage the binary relationship between an-
thropogenic contamination and health appeared
too simplistic to account for the complexity of the
balances between the industrial complex, humans,
and the fragile surrounding environment. The need
of interdisciplinary inputs and contributions from
the social and health sciences was obvious to enlarge
the scope of the research carried out in Estarreja.
The French Observatoire Hommes-Milieux of Estar-
reja International (OHMi Estarreja) was created by
the CNRS in March 2010, and co-constructed with
Portugal (U. Aveiro researchers) and France (Uni-
versity of Paris cité, Babel researchers) in March
2010. Initially structured around the two teams
that initiated the program: the UPR 2147 of the
CNRS and the Department of Geosciences of the
University of Aveiro, the OHMi very quickly in-
volved other departments of this university (Depart-
ments of Biology, Chemistry and Land Management)
and the Research Institutes GEOBIOTEC and CE-
SAM, as well as several French research units, no-
tably linked to the OHM Bassin Minier de Provence
(OHM BMP).

The OHMIi Estarreja initially focused on ques-
tions concerning the overall interdisciplinary un-
derstanding of the risk induced by the ECC, which
was possible by several complementary approaches:
(a) spatial-temporal evolution of the contamination
level, (b) health studies of the Estarreja popula-
tion, and (c) societal changes in Estarreja area (Fig-
ure 2). The results already achieved showed a com-
plex relationship between industrial pollution and
health risks. This does not depend exclusively on
the environmental concentration of contaminants,
but also on multiple factors that includes domestic
(water use) and agricultural (crops cultivation and
consumption), and practices that are influenced by
the risk perception (variable within the population),
based on studies at the local level, and as close as
possible to the population. In order to understand
the relevance of the factors that control the effects
of environmental contaminants on human health
(such as, concentration and bioavailability of con-
taminants, diet and lifestyle, age and gender, indi-

Research axis Societal impacts

Spatial and temporal estimation
1 of contamination / effects of | £ th it
remediation Knowledge of the resilence

processes of the impacted
Impact of the polluted ecosystems

2 environment on long-term
health
Decision support for the
3 Changes in terrestrial and different actors involved
aquatic ecosystems

Information and involvement

Socio-economic developments of the local population

Human behavioral changes

H

Figure 2. Present OHMi Estarreja structure axis
around several major research areas.

vidual biological susceptibility, etc.), the OHMi Es-
tarreja approach has been multidisciplinary from
the beginning, with: (a) the collection of different
types of geochemical data concerning the concen-
tration, distribution and variation over time of po-
tential toxic elements to humans; (b) eco-biological
data concerning the accumulation and persistence
of pollutants in the animal and plant biological
chains; (c) medical data (biological analyses, preva-
lence rates of different diseases, morbidity and mor-
tality rates); and (d) sociological data (lifestyles, di-
etary habits, family structure and risk perception).
Another specificity of this approach was consider-
ing the long-term (more than two decades), which
is rare in impact studies of industrial contamina-
tion. The access to retrospective data, both geochem-
ical (previous work of colleagues from the Univer-
sity of Aveiro), and medical (national statistics and
local databases) allowed to constitute a solid base
of information on which our own work could be
based.

Thus, knowledge of contamination as well as the
impact of them on, notably, health for the population
and the remediations done were in fact some back-
grounds of the birth of OHMIi Estarreja.

Moreover, from the beginning, entities of the civil
society were involved in the studies of the OHMi Es-
tarreja, such as, the Health Center of Estarreja de-
pending on the Ministry of Health, the Environmen-
tal Service of the Estarreja Municipality and the PA-
COPAR (the Community Advisory Panel of Estarreja’s
Responsible Care® Programme—a group of entities
that act in commitment with the local community to
improve Estarreja’s life quality, applying the commit-
ments of Responsible Care®).
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3. Development and evolution of the OHMi Es-
tarreja

From the first studies, the ecological, economic, and
social balances that have developed over decades at
the local socio-ecological level progressively led to
the structuring of the OHMi around several major
research axes, each axis corresponding to a level of
integration of the disciplines involved (Figure 2).

The methodology of the research areas have been
listed and schematized in Figure 2 in order to clarify
and help the management of the OHMi without for-
getting think in a Global Ecology (an understanding
from the interactions of all environmental sciences).

e The first research axis is the spatial and
temporal estimation of environmental con-
tamination. This axis is fundamental and
constitutes the scientific base on which the
other studies carried out within the OHMi
are based. It essentially calls upon the skills
of geochemists as well as some remediation
techniques and constitutes the first level of
study in the OHMj;

e The second axis concerns the health of
populations in the Estarreja region. It links
data on anthropogenic contamination with
health biological and/or medical data;

o The third axis is related with the observed
modifications of the terrestrial and lagoon
ecosystems, notably the Baixo Vouga lagu-
nar, in connection with the different human
activities. It calls upon the work of biologists,
but also researchers in human sciences (work
on land use), and integrates the geochemical
data of the first axis;

o Finally, a fourth research axis concerns the
societal changes in the Estarreja region. It in-
cludes the economic and demographic evo-
lutions on the long-term, as well as the
changes in lifestyles during the last decades,
in connection with the variations of the in-
dustrial activity.

Different projects have allowed the OHMi to put
forward this interdisciplinarity and this “interac-
tive/interdisciplinary” vision of contamination in the
SES Estarreja.

The progressions, both in terms of structuring
of the research in the OHMi and of the selected
projects, gave rise to participative interactions with

the population (actions with schoolchildren, infor-
mation meetings), and offered to the local private or
institutional actors (municipalities, industries, etc.)
a scientific evidence base that decision-makers can
consider. The influence of the OHMi’s work is not al-
ways visible, with imperatives other than scientific
(social, economic) being put forward by decision-
makers. But the regular dissemination of scientific re-
sults to decision-makers allows and modifies their re-
lationship to socio-environmental issues.

The initial OHMi core has expanded to other Por-
tuguese institutions (Universities of Coimbra, Lis-
bon, Porto, among others) and French teams (Uni-
versity of Marseille-Aix, University of Montpellier,
etc.) as the OHM’s research area has expanded. Since
2019, the Observatory is jointly led by the Depart-
ment of Geosciences of the University of Aveiro and
the UMR 5023 LEHNA (University of Lyon).

4. Estarreja’s projects: a way to illustrate the
interdisciplinary Observatory development
between SES studies

From the beginning until 2020, the OHMi Estarreja
has financed a total of 62 research projects. Consid-
ering its main research axis, we are going to present
the publications, as well as a focus on the words of
all project titles, supported by OHMi Estarreja. These
approaches can illustrate the OHMi evolution, but
also the continuous focus on the contamination and
health risk in a such anthropo-ecosystem.

4.1. Azoom on the @10 years of OHMi: data com-
pilation for a holistic environmental and
human health risk assessment

This project objective was to identify relevant scien-
tific papers published in the last decade and review
what is known about contaminants, areas of concern
and potential risks to the environment and human
health. At the end it was expected to identify knowl-
edge gaps (e.g., matrixes that need to be further eval-
uated, compounds that need to be studied and expo-
sures that need to be characterized).

4.1.1. Methods
The bibliographic search was first conducted in

Scopus with the keywords “Estarreja AND (con-
tamin* OR pollut®)”. In addition, the OHMi Estarreja
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collection of HAL-Archive ouverte was also con-
sulted. Two-time frames were considered: before and
after 2010. For the selection of the papers the follow-
ing criteria was used: present new data about con-
taminants for at least one of the terrestrial matrixes
considered (air, soil, dusts, groundwater, stream sed-
iments, and human biological samples); present a
clear localization of the study area; perform an eval-
uation of levels found and/or identification of con-
tamination sources.

4.1.2. Main results obtained

Despite the high number of studies related with
the ECC contamination problems performed in the
last decades, most of them were focused on the
nearby lagoon, which was the final sink of the con-
taminated effluents. Indeed, a simple Scopus search
with the keywords “Ria de Aveiro AND (contamin*
OR pollut*)” came out with 185 results published
since 1989, whereas using the keywords “Estarreja
AND (contamin* OR pollut*)” resulted in 50 publica-
tions (with six of them being related with the lagoon).
Thus, it is evident that the terrestrial environment is
much less studied than the aquatic.

Thirty papers with relevant data about contam-
inant’s levels in Estarreja terrestrial environment,
published since 1989, were identified (after biblio-
graphic search and cross-referencing). Most of them
related with soil contamination, followed by levels of
contamination in plants (including crops) and hu-
man biological samples (Figure 3).

For the other matrixes less than six papers have
been published, with data about contaminant’s levels
in soil organisms being presented only in one paper.
Looking to the data by period (before and after 2010),
one can conclude that in the first 20 years research
was focused on soil contamination and groundwater,
whereas in the last decades several studies have been
more dedicated to human health effects or matrixes
that can directly affect it.

In Table 1itis presented a summary of the selected
studies published in the last 10 years.

Results show that, with exception of the atmo-
spheric compartment, studies were mainly focused
on inorganic contaminants, with only one study pre-
senting data for two groups of organic contaminants
(PAHs and PCBs) in soils. Other limitations are re-
lated with the fact that in several cases the sampling
date is not known and most of the studies are focused
on a restricted area, with a limited number of sam-
ples.

Soil studies conducted in the last ten years were
mostly focused in a restricted area or in specific lo-
cations, previously identified as contaminated. In-
deed, from the six studies published after 2010 (Ta-
ble 1), only three gave a broader picture of the spa-
tial distribution of contaminants, even that the study
of Cachada et al. [2012] was more focused on the
urban area and the ones from Inécio et al. [2014]
and Cabral Pinto et al. [2020a,b], which are related
to the same sampling campaign, had a higher in-
tensity of sampling points nearby the ECC. Despite
this, the median values observed for the poten-
tially toxic elements (PTEs) studied in both areas are
similar.

From PTEs evaluated, it was possible to identify
the following contaminants of potential concern for
this area: As, Cd, Cu, Hg, Pb and Zn. Cachada et al.
[2012] also refer the polychlorobiphenyls (PCBs) as
a group of concern. These studies indicate that me-
dian concentrations of PTEs are relatively low in the
study areas and cannot be considered a concern,
comparing for example with the soil quality guide-
lines for protection of human health from Canada
[Cabral Pinto et al., 2020a], or with the Netherland
Target Values [Cachada et al., 2012], or even with the
recently proposed reference values for Portugal [APA-
Agéncia Portuguesa do Ambiente, 2019].

However, these studies refer a high variability of
results and the presence of some hotspots of contam-
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Table 1. Relevant scientific papers containing data of contaminant’s levels in different environmental
compartments of Estarreja area, published since 2010 and ordered by date

Area Sampling Land use Matrix No Contaminants  References
date samples
ECC vicinity; n/a Industrial; Soil; Plants 4 7n (@)
steiro Riverbank
Urban area; n/a Agricultural; Soil 26 As, Cu, Pb, Zn, Ni, 2
ECC vicinity Urban Cd, Mn, Cr, PAHsS,
PCBs
Vala de S. n/a Agricultural Soil; Plants 12 As, Cu, Hg, Pb, Zn 3)
Filipe
ECC vicinity 2012 Industrial; Air 128 NO,, 17 VOCs (4)
(100 km?) Forest; Urban;
Traffic; Rural
ECC vicinity 2011 Agricultural Soil; Crops 26 As, Cd, Cr, Cu, (5, 6)
(20 km?) Hg, Ni, Pb, Zn
Urban area; n/a Urban Dust 21 Al, Ba, Ca, Co, Cu, (7, 8)
ECC vicinity Fe, Mn, Ni, P, Pb,
Sb, Ti, Zn
Urban area; n/a Urban Dust; Toenails 18; 30 Cu, Mn, Pb, Zn 9, 10)
ECC vicinity
ECC vicinity n/a n/a Urine 103; 31 Al, As, Cd, Cr, Cu, (11)
Fe, Hg, Mn, Nij,
Pb, Se, Zn
ECC vicinity n/a Agricultural; Soil; Earthworms 4 Cd, Fe, Cu, Ni, Pb, (12)
Industrial; 7n
Forest; Prairie
ECC vicinity 1989-2016 n/a Groundwater n/a Fe, Cl, Mn, SOy, (13)
7Zn
ECC vicinity n/a n/a Fingernail 58 Al, As, Ba, Cd, Co, (14)
Cr, Cu, Fe, Hg, Li,
Mn, Ni, Pb, Sb,
Se, Sn, Sr, Ti, V, Zn
ECC vicinity n/a n/a Hair 79 Al, Mn, Fe, Cu, (15)
Zn, Hg, Pb
ECC vicinity 2013 n/a Groundwater; 19 + 75+ 103 Al As, Cd, Hg, Ni, (16)
and Hair; Urine Pb, Zn
background

(1) Moreira et al. [2011]; (2) Cachada et al. [2012]; (3) Anjum et al. [2013]; (4) Nunes et al. [2013]; (5) Cabral Pinto
et al. [2020a]; (6) In4cio et al. [2014]; (7) Patinha et al. [2015a]; (8) Patinha et al. [2015b]; (9) Marinho Reis et al.
[2018]; (10) Reis et al. [2015]; (11) Cabral Pinto et al. [2018]; (12) Coelho et al. [2018]; (13) Marques et al. [2018];
(14) Cabral Pinto et al. [2019a]; (15) Cabral Pinto et al. [2019b]; (16) Cabral Pinto et al. [2020b].

ination, in which levels clearly exceed the reference
values. These hotspots are especially located nearby
Vala de Sao Filipe and values as high as 6746 mg-kg~!
for As, 1592 mg-kg~!' for Cu, 170 mgkg~! for Hg,
1295 mg-kg™! for Pb, and 1485 mg-kg™! for Zn, have
been reported [Anjum et al., 2013]. Since soils from
Estarreja region are sandy soils, acidic to neutral,

with low contents of organic matter [Cachada et al.,
2012, Indcio et al., 2014], there is a risk of elements
transfer in the soil-water-plant system, which is of
special concern in these areas with high levels of
contaminants. Nevertheless, less than 1 km away
from Vala de S. Filipe levels decrease between 20 and
370 times [Anjum et al., 2013]. This is in accordance
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with what is known about the waste disposal man-
agement practices in the past, that leave a legacy
regarding the contamination of the channels used to
transport effluents until Ria de Aveiro.

Two studies assessed the soil-plant transference
and concluded that, for some plant species, levels
of PTEs (namely, Zn, As, Cu, Pb, and Hg) in aerial
parts were above those considered as normal and
that turns them unsuitable for animal consumption
[Moreira et al., 2011, Anjum et al., 2013]. Neverthe-
less, these two studies were conducted in very re-
stricted areas where the hotspots are located, and
they may not be representative.

Another study investigated the concentrations of
PTEs in vegetables (cabbage, tomato, and potato)
collected in kitchen gardens/small farms from the
vicinity of the ECC [Indcio et al., 2014, Cabral Pinto
etal., 2020a], covering a wider area. The authors con-
cluded that, despite levels of As, Cd, Cr, Cu, Ni and Zn
above the proposed as normal for terrestrial plants,
only in 4% of cabbage leaves samples the levels of As,
Cd and Hg were above (or within) the limits for hu-
man consumption.

Only one study was focused on the potential ad-
verse effects to soil biota [Coelho et al., 2018] and
concluded that there was no bioaccumulation of the
studied PTEs in earthworms. However, despite being
conducted nearby the ECC, the four sites chosen pre-
sented low levels of PTEs and some of the contami-
nants of concern, such as As and Hg, were not con-
sidered.

Data about groundwater contamination in the last
decade is very scarce, with only two studies pub-
lished. The study of Cabral Pinto et al. [2020b] eval-
uates the levels of PTEs and reports median values
higher than the aquifer natural background for As
and Zn, but, as observed for soil samples, the data
is characterized by a high variability, with some ex-
treme concentrations that largely exceed these back-
ground values. The authors also compared the ob-
tained values with several guidelines for human con-
sumption and concluded that despite median val-
ues do not exceed these, there are several hotspots
of contamination, especially for As, Hg and Zn. Sim-
ilarly, Marques et al. [2018], which performed a tem-
poral evaluation between 1989 and 2016 for some
contaminants, observed that the there is a clear
degradation of water quality nearby the channels
(Breja and Vala de S: Filipe).

Regarding air quality, only one study was done,
and almost 10 years ago, but it covered a represen-
tative area and an important group of contaminants,
the VOCs, which may have negative human health ef-
fects. In this study, Nunes et al. [2013], concluded that
the air quality of Estarreja region during the spring
of 2012 was significantly influenced by ECC, with the
highest concentrations of many VOCs like BTEX and
NO, observed close to its vicinity. Nevertheless, the
authors highlight that other sources contributed as
well for the levels of VOCs and NO, in the area. How-
ever, it remains to be understood the implication of
the levels found and the extent to which they may
or not pose any risk to the environment and human
health.

The four studies about levels of PTEs in street
dusts are related with two different sampling cam-
paigns (Table 1). The studies of Patinha et al.
[2015a,b] did not find a clear link between stud-
ied elements and the ECC, but the urban dust sam-
ples showed a clear contribution of traffic-related
particles in their composition, particularly related
with brake dusts. Reis et al. [2015] and Marinho Reis
et al. [2018] could not find a specific anthropogenic
source of PTEs for outdoor dusts.

Regarding human health studies (human biologi-
cal samples), Cabral Pinto et al. [2018] reported uri-
nary levels of several PTEs (including As and Hg)
and concluded that on average, they exceed those
reported in the literature for healthy people. How-
ever, looking to the median values it is of note
that, with exception of Al, Cd, Mn, and Zn, they fall
within the expected range of values. In another study
[Cabral Pinto et al., 2020b] the same authors showed
the results by localities and it was observed that lev-
els of PTEs found in urine were quite variable, and
different elements had different trends showing that
the origin and exposure pathway could be different
for each element.

Levels of Cu, Mn, Pb and Zn in toenails were as-
sessed in two studies [Reis et al., 2015, Marinho Reis
et al,, 2018] and concluded that the exposed group
(27 individuals living nearby the ECC) are similar to
the ones determined in toenails of the non-exposed
participants (3 individuals). However, levels of Pb
and Zn were slightly higher than the ranges found
for healthy people available from the literature. On
the other hand, Cabral Pinto et al. [2019a] con-
cluded that PTEs contents (including Hg but not As)
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in fingernails of Estarreja group fall within the range
of values reported in the literature for non-exposed
people. However, for Hg, levels in the study group
were above the mean content found for non-exposed
population. Similar results were observed by the
same authors [Cabral Pinto et al., 2019b, 2020b] for
hair samples. Moreover, some extremely high levels
of As in inhabitants hair living closer to ECC and in
areas where the hotspots of groundwater contamina-
tion were observed [Cabral Pinto et al., 2020b], warn-
ing that this issue should be further investigated.

4.1.3. Conclusion in the context of OHMi

The existence of sites with concentrations above
the recommended value for soils, crops, and ground-
water, especially for pollutants such as As, Hg and Pb,
can represent a potential risk to the ecosystem and to
human health. Indeed, some studies tried to predict
the potential risks for human health, based on exist-
ing risk models and concluded that they may exist.
Nevertheless, these models have to be used with care,
and the following issues should be considered in the
future: the use of specific input parameters for the
local populations; the source-receptor pathway for
each land use/matrix; the physical-chemical prop-
erties of contaminants, especially speciation stud-
ies of As and Hg, since highly influence their toxic-
ity. Indeed, data related with human biological sam-
ples does not clearly point to the existence of a prob-
lem for human health, despite the levels of Hg and
As found suggest that their source-pathway-receptor
route should be investigated. The apparent contra-
diction obtained between risk models and data from
human biological samples or even plants/crops may
be related to the fact that highly contaminated ar-
eas are restricted to a very specific and small area
and therefore do not have a major impact on human
health. Moreover, the groundwater is not likely to be
used for human consumption, even that it could be
used to irrigation purposes. Nevertheless, all these
issues should be taken into consideration in future
studies.

Despite the paradigm shift since the implemen-
tation of OHMIi, work has still to be made. In order
to have a comprehensive overview of the contami-
nation problematic it would be important to obtain
updated data about the distribution of contaminants
of concern, since the most recent data for soils and
groundwater have almost ten years. It would be of

great importance to have spatial distribution maps
covering a wide area, in order to identify clearly the
areas of concern (based for example on guideline val-
ues) and manage them accordingly. It is also cru-
cial to identify the organic contaminants of concern
(if there are). After identifying the most problem-
atic areas, a specific risk assessment should be per-
formed, considering the receptors at risk and the spe-
cific routes of exposure.

4.2. OHMi-funded projects analyzed over 10
years: an illustrative approach through
the study of project titles highlighting the
founding element of contamination related
to human—environment interactions

An observatory is a privileged tool for monitoring
a territory both spatially and temporally. Research
through the titles of the research programs financed
by the observatory allows us to highlight the axes
put forward by the scientific committee of the obser-
vatory during the annual calls for projects, but also
the “heart” of the socio-ecosystem and its “founding
event”.

The objective of this study was to identify relevant
words in the projects’ title in the last decade and
listed what word was used about contaminants, areas
of concern and potential risks to the environment
and human health. At the end it was expected to
identify if some of them was more or less present
and/or if some new word was detected (that is to say
new thematic and/or area of investigation).

4.2.1. Methods

This analysis of the words in the project’s titles
was also gathered over two periods, a first from
2011 to 2015 (Figure 4a) and a second from 2016
to 2020 (Figure 4b). Approximately 321 words were
gathered for the 2011-2015 period (=25 projects),
whereas for the 2016-2020 period 333 words were
found (=37 projects). From these words we have per-
formed “word clouds” using the software Iramutec®.

To make a “Word cloud” with the corpus of project
titles between 2011 and 2020; the variable used *year;
lemmatization performed. From each word the ac-
tive forms were excluded (e.g., with, of, at, from).
Some project titles were in French or Portuguese
(as Baixo, complexo... or agriculture, sol, etc.), ap-
peared also in the figure 4 and were pooled with
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Figure 4. (a) Graphic representation of the
cloud of words contained in the titles of funded
projects and their frequency (the bigger the
most cited) for the period (a) 2011 to 2015.
(Iramuteq®; n total word = 321); (b) for the pe-
riod 2016 to 2020. (Iramuteq©; n total word =
333).

similar English words (Table 2). Each word was
listed and grouped together according to the gen-
eral thematic or meaning (Table 2). Thus, with words
by “themes” or “affinities/meaning” (Table 2) such
as the environment or the link with humans, we

gathered 61.6 and 62.8% of all the words forming the
titles of funded projects respectively for the first and
second periods.

4.2.2. Main results obtained

The word cloud, from all the projects over the 10
years, showed the word “Estarreja”, but also “health”
and “human” as well as to a less extent “contami-
nation” or “contaminant”, and also “soil(s)”, “Aveiro”,
“risk” and “assessment” (Figure 4).

Other words associated with “local/spatial speci-
ficity” such as “lagunar, baixo or complexo or type
of pollutants”, such as arsenic and organic as well
as “approaches/types/objects of study” such as pul-
monar, monitoring, temporal or evolution were also
commonly found.

The obtained word cloud illustrates well the inter-
section of questions and research topics addressed
between environmental sciences, in particular via
historical chemical contamination, and the specific
lagoon ecosystem (Ria de Aveiro) as well as the study
of societies and health.

The observatory is indeed a territory, particu-
larly when the words “Estarreja” and/or “Aveiro” are
found in the project titles. These two words (and
their equivalents/synonyms, see Table 2) stand out
in the two sequences analyzed (Figure 4; Table 2).
Thus, they are used 15 and 17 times for Estarreja and
9 and 10 times for Aveiro, respectively for 2011/2015
and 2016/2020, i.e. between 7.5 and 8% of all
words illustrating the strong link of the SES specific
localization.

In the first studied period (Figure 4a), the titles of
the projects express an important part to the human,
to the risks and its evaluation as well as to the toxi-
cological approaches, or on the bioaccumulation but
also of pollutants of which arsenic. We can also no-
tice the words related to health such as pulmonary
and diseases linked to indoor/outdoor and environ-
ment. If we gather the words of the titles related to
a “health” theme (such as food, diet, harmful, etc.;
see Table 2), we will notice that it is the theme which
gathers the most words on this first period of projects
with 22 elements. The next two themes, very close,
are those related to contamination and health with
20 and 19 words, respectively (Table 2). Finally, after
the group related to the spatialization of the studies
(Estarreja, Aveiro .. .) we find a group of words related
to risk and its evaluation (rank 5; Table 2).
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Therefore, during this first period, the projects
and studies logically focused on the founding and/or
structuring element of the observatory and therefore
on the contamination of this region, the health of its
inhabitants and the impact on society.

On the second period studied (2016-2020), the
projects selected remain focused on the Observa-
tory site (Estarreja, complex), but this time, contam-
ination and soils stand out as strong elements (Fig-
ure 4b).

There is also a diversity and a focus on certain
environments such as “laguna, Baixo and Vouga”, as
well as a temporal dimension in the studies with the
words monitoring and temporal. Finally, microbiol-
ogy and the study of microorganisms are apparent
(Figure 4b). The grouping of words related to a health
theme remains a priority, but with a greater and more
precise diversity (in terms of disease or approaches
taken, for example, with the words atherosclerosis
or placenta-fetal; Table 2). Finally, the second most
present theme is clearly that of temporality, partic-
ularly in terms of studies or research on the history
of the complex or approaches on the scale of moni-
toring/measurement over several years (Table 2). Fi-
nally, the theme of “soil”, particularly in terms of
anthropic characterization, emerged during these
years. Words related to contamination are also still
present, although slightly decreasing in project titles
with 16 words over this period, while those related
to human decreased more noticeably with 15 words
(Table 2).

During this second period, studies were more fo-
cused on contamination and health but were often
more precise in terms of sites, or matrix study as soils,
or also disease typologies for example, as well as con-
sidering time on effects, risks, and evolutions.

4.2.3. Conclusion in the context of OHMi

We can see both an evolution of certain themes or
objects of study but also on the overall conservation
of the human-environment interface.

As it can be expected, the projects are still very
much focused on the site and its region, with the
“health” theme in the first place for both periods,
and well linked to the founding element (the chem-
ical complex and the contamination that resulted
from it). The human element is always at the heart
of the studies. The strong points are often an inte-
grative, and interdisciplinary approach and a time

frame (long time frame that makes it possible to
come back to several questions/studies over time pe-
riods of up to 10 years). The various annual calls for
projects have been careful to highlight certain new
approaches (for example, by focusing one year on
the human sciences and the history of the chemi-
cal complex, or on microbiology or toxicology stud-
ies) but also by maintaining the link with the found-
ing and structuring element of the observatory. These
projects respond well to societal issues and illustrate
good integration into the territory. The 62 projects
funded highlight the desired interface between envi-
ronmental sciences, health, and society.

5. Conclusions of OHMi Estarreja

The OHMi interdisciplinary approach to assess the
health risks related to the ECC has benefited from a
solid geochemical background on the area of Estar-
reja.

The participation of different teams from differ-
ent universities with strong scientific background
and field experience in Estarreja has been a ma-
jor advantage, as well as the participation of rep-
resentatives of civil society and industry. Another
originality was to address health issues at the lo-
cal level, under a double geochemical and socio-
behavioural approach. The results already achieved
show a complex relationship between industrial pol-
lution and health risk. Further studies on PTEs spe-
ciation, as well as on biological individual responses
to contamination or particularities of family lifestyles
should be carried out in order to confirm or infirm
this relationship between health, contamination and
socio-ecosystem.

Looking to the data by period (before and after
2010), one can conclude that in the first 20 years
research was focused on soil contamination and
groundwater, whereas in the last decades several
studies have been more dedicated to human health
effects or matrixes that can directly affect it. In the
two studies (bibliography and words in titles), differ-
ent time periods were analyzed: while the first study,
“bibliography”, was conducted for the periods before
and after 2010, the study of “word’s titles” was fo-
cused only after 2011 due to the time after the cre-
ation (in march 2010) and the first call of project the
year after (in 2011). Probably this can explain differ-
ences found but also that in the near future more
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publications related to the topics identified in the last
period will be expected.

Nevertheless, contamination is the structuring
and unifying element of numerous studies and
projects with a Portuguese specificity in terms of
financing (few internal resources of its own) and
the participation of laboratories or research centers
that are often already multidisciplinary. The obser-
vatory thus becomes an object of study focused on
the territory, its population (and therefore its health)
and its contamination. The number of publications
and projects submitted to each project call (some
of which were financed by the Observatory) is an
illustration of a dynamic and a desire to promote and
communicate on this research.

Special attention should be paid to past and
present evolution of the relationships between Estar-
reja population and its environment. The risk per-
ception evolution, the economic crisis, the climate
change, are likely to induce modifications in the lo-
cal ecosystem, and consequently in the welfare of the
population. The OHMi Estarreja gives the opportu-
nity to catch, in a dynamic way, the adaptive path-
ways of the population-environment relationships.
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