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France

† Electronic supplementary informa
10.1039/c8em00211h

Cite this: DOI: 10.1039/c8em00211h

Received 8th May 2018
Accepted 27th July 2018

DOI: 10.1039/c8em00211h

rsc.li/espi

This journal is © The Royal Society of
ncentrations in household dust
and toenails of the residents (Estarreja, Portugal):
a source-pathway-fate model†

A. Paula Marinho Reis, *a M. Cave, b A. J. Sousa,c J. Wragg,b M. J. Rangel,d

A. R. Oliveira,d C. Patinha,a F. Rocha,a T. Orsieree and Y. Noackf

This paper describes a methodology developed to assess and apportion probable indoor and outdoor

sources of potentially toxic elements while identifying chemical signatures in the household dust

collected from private homes in an industrial city (Estarreja, central Portugal). Oral bioaccessibility

estimates and the chemical composition of toenail clippings were used to assess indoor dust ingestion

as a potential exposure pathway and further investigate exposure–biomarker relationships. Indoor and

paired outdoor dust samples were collected from each household. A total of 30 individuals, who

provided toenail clippings and a self-reported questionnaire, were recruited for the study. Total

concentrations of 34 elements, including lead and zinc, were determined in washed toenail samples and

household dust via Inductively Coupled Plasma-Mass Spectrometry. The oral bioaccessibility was

estimated using the Unified BARGE Method. The enrichment factor shows that lead was enriched (10 <

EF < 100) while zinc (EF > 100) was anomalously enriched in the household dust, thus indicating

potential exposure in the home environment. The results from principal component analysis coupled to

cluster analysis and linear discriminant analysis suggested that mixed contamination derived from

multiple sources with a predominance of biomass burning. Stepwise multiple linear regression analysis

was performed to model toenail data using the indoor dust elemental composition. Whereas the model

obtained for lead was not reliable, indoor dust zinc and antimony contents arose as good predictors of

toenail zinc. The exposure–biomarker relationships seem to be influenced by the oral bioaccessibility of

the elements.
Environmental signicance

Indoor dust can pose serious risks to human health, as evidenced by an increasing number of associations being reported between air particulates and adverse
health outcomes. Metals andmetalloids in indoor dust are considered to be a primary concern of exposure because of their known toxicity, persistence and non-
degradability and ability to accumulate in the tissues and internal organs of the human body. Recent studies carried out in the industrial city of Estarreja
reported on elevated contents of lead and zinc, among other potentially toxic elements, in natural media such as soil and groundwater. Information on resi-
dential contamination is however almost null. This paper describes a study carried out to ll this knowledge gap. Updated methodologies are used to obtain
a source-pathway-fate model for environmental lead and zinc. The potential for human exposure to these potentially toxic elements in the household dust is
discussed taking into account their oral bioaccessibility and contents determined on the residents' toenails.
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1. Introduction

Time people spend indoors is inuenced by several factors, like
gender, occupation, and age. People tend to spend between 85%
and 90% of their time exposed to the indoor rather than the
outdoor atmosphere.1 Understandably, interest in indoor dust
chemistry and variations of chemical compositions between
indoor and outdoor environments comes mainly from the fact
that humans spendmost of their time indoors. Furthermore, an
increasing number of associations are being reported between
air particulates and a broad number of adverse health
outcomes.2 There is, therefore, a necessity to identify and
Environ. Sci.: Processes Impacts
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characterise the hazards associated with indoor dust to develop
ways of reducing the associated risks and make our homes
safer.

While a large body of literature is devoted to suspended
particulate matter in the indoor environment,3–7 to date, fewer
studies have focused on the characterisation of indoor dust
deposited in the oor from residential homes, which is
commonly designated as household dust.8,9 However, inci-
dental ingestion of household dust is an important non-dietary
pathway for some hazardous substances leading to potential
health risks, especially for children.10

It is long known that long-term exposure to environmental
lead (Pb) exerts neurotoxic effects on human health.11,12 Recent
studies have found negative health effects even aer low dose
exposures to this trace element.11,13 Zinc (Zn) is an essential
nutrient and, similarly to Pb, it is ubiquitous in the environ-
ment. Although Zn is not involved in cellular redox cycle and
has traditionally been regarded as relatively nontoxic, studies
increasingly show that Zn2+ is a potent killer of neurons, glia,
and other cell types.14,15 In contrast to Pb,16,17 the behaviour of
Zn in household dust has received little attention to date, and
knowledge is scarce about Zn sources and pathways in the
residential dust.

Although whole blood lead level is regarded as the most
representative indicator of the current environmental and body
lead status,18,19 the collection of blood samples, especially from
young children, is not always feasible due to its invasive char-
acter and the requirement for parental consent. In recent years,
trace element analyses of keratinized matrices like hair20 or
nails21 have consistently increased, in addition to the common
use of blood and urine.19,22 Increasing evidence supports that
nail, particularly toenail, concentrations of most trace elements
are useful biomarkers of exposure in which a single sample is
assumed to represent long-term exposure.23,24

While there is a reasonable amount of literature available on
the identication of sources, especially outdoors,25–28 studies
that have examined the source apportionment of indoor resi-
dential contaminants are still scarce.29 A few studies on indoor
residential environments have examined indicators specic to
indoor sources, such as wood burning in replaces,30 and
cooking.31,32 Urban studies on the composition of street dust
have identied elemental tracers and source signatures typically
associated with primary urban sources33,34 (e.g., vehicular traffic,
waste incineration). Potentially toxic elements (PTEs), such as
Pb and Zn, introduced into the environment through different
sources, nd their way into residential homes either as airborne
dust or through items used or activities carried out within the
house.

Distinguishing between anthropogenic and naturally occur-
ring PTEs concentrations is intrinsically difficult and the main
focus of this investigation. Multivariate statistical analysis used
for identication and source apportionment offer some
advantages relative to other techniques, such as stable isotopes,
including that of the interest from environmental assessors in
empirical methodologies applicable to a broad range of envi-
ronmental scenarios. Multivariate techniques evaluate multiple
chemicals and allow the development of a site-specic chemical
Environ. Sci.: Processes Impacts
prole that has been referred to as a signature.35 Multivariate
chemical signatures have been used to identify contaminated
sites and sources of hazardous substances through techniques
such as principal components analysis27,36 and multiple corre-
spondence analysis.37 Cluster analysis (CA) is oen coupled to
principal components analysis (PCA) to check results and to
provide groups of individual samples and variables. There are
several examples of application to environmental sciences
available from the literature.38–40 We propose an approach that
combines PCA with CA and linear discriminant analysis (LDA)
to identify chemical signatures in household dust samples and
further assess indoor and outdoor sources of PTEs. The LDA
was applied to check whether the clusters obtained from CA
were statistically signicant and if the chemical signatures
signicantly discriminated between the clusters.

This paper follows on from earlier research undertaken to
assess indoor dust ingestion as a potential exposure pathway in
the home environment and further investigates the exposure–
biomarker relationships.30 Elevated household dust Zn contents
and a few anomalous toenails Pb concentrations justied
additional investigation on these two PTEs. Hence, the main
aims of this study were: (i) to determine Pb and Zn concentra-
tions in the household dust and residents' toenails; (ii) to
develop a methodology to identify potential sources of PTEs in
the household dust and estimate their relative contributions
and (iii) to investigate exposure–biomarker relationships for the
two PTEs. With this study, we further aimed to assess the
effectiveness of the developed methodology to achieve reliable
source-pathway-receptor models.

2. Material and methods
2.1 The study area

Estarreja is a coastal municipality located in the centre of Por-
tugal that extends over an area of 108.2 km2 and has an esti-
mated resident population of 26 555 inhabitants. The map
locating the city in the Portuguese territory is presented in the
form of ESI (Fig. S1†). Urban, peri-urban and rural areas coexist
within the municipality, on a 3 : 4 : 3 ratios. In terms of land-
use, it is roughly distributed amongst agricultural land (54%),
urban and peri-urban areas (18%) and forest land (27%).41 The
climate is Mediterranean temperate (type Csb according to the
Köppen–Geiger climate classication system), characterised by
dry and warm summers, with average annual temperatures of
14.9 �C and an average annual rainfall of 1048 mm. Main wind
directions are N–NW, driven by humid tropical air masses
moving to the east, especially in the summer, and E–SE during
winter.42

The municipality encompasses one of the most important
industrial complexes of the country, known as the chemical
complex of Estarreja (CCE). Since the 1950s, the complex has
produced a variety of organic and inorganic compounds, such
as nitric acid, aniline, nitrobenzene, chlorate compounds from
rock salt, polyurethanes and others.34,42 In the early years,
sulphide ores were used in fertiliser production, which was one
of the primary activities of the CCE, yet one of the most
polluting for PTEs such as arsenic (As) and Pb. In the late 1990's
This journal is © The Royal Society of Chemistry 2018
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the area was remediated and industrial wastes containing
hazardous materials such as pyrite ashes, mercury-enriched
muds, and organochlorine compounds, were buried and
sealed near the complex. Nevertheless, recent studies have been
reporting on elevated contents of environmental contaminants
in natural media, namely mercury (Hg) in lake sediments,43 As
in soil and groundwater,44,45 and PM10 in ambient air.42 In
recent years, several studies available from the literature have
suggested that currently, vehicular traffic stands for a contrib-
utor of increasing importance to the quality degradation of the
local environment.42,46 Hot-dip galvanising for zinc coating or
the production and assembly of carbon steel, stainless steel,
and aluminium tubing are industrial processes taking place in
the CCE likely to emit PTEs to the atmosphere. Indeed, the Zn
concentrations reported in different studies focusing on
groundwater, soils, home-grown foodstuffs and street dust34,44,45

suggest elevated levels of environmental Zn in the region.
Data available for the study area from the QualAr database,

the Portuguese online database for air quality monitoring,47

show that during sample collection, only PM10 levels (daily
average) were occasionally above the 50 mg m�3 limit value
established by the European Commission (EC) 2008/50 Frame-
work Directive for air quality parameters and pollutants. Other
monitored air pollutants such as SO2 and NO2 were below the
legislated limits.
2.2 The study group

2.2.1 Toenails collection. Inclusion criteria were the
compliance of the residents to participate in the study, and the
geographical location of the households. The goal was to obtain
sampling sites evenly distributed across the study area.
Furthermore, we were also interested in recruiting family
members of different age and gender living in the same home,
whenever possible.

A total of 30 individuals from 21 households were recruited
for the study through informal interviews: 19 households cor-
responding to 27 individuals living in Estarreja forming the
study group, plus 2 households and 3 residents from residential
areas with no anticipated environmental contaminants who
were used for comparison. On recruitment, the participants
were informed about the aims of the study. The protocol was
carefully explained and written consent was obtained before
sampling. The National Committee for Data Protection granted
ethical approval to the study (Proc. no. 1241/2013).

Residents were asked to allow toenails to grow for at least 2
weeks prior to sample collection. Toenail clippings were
collected with a stainless-steel clipper from all 10 toes by the
participants themselves and stored in a polyethene container
provided on recruitment. Clippings without adequate toenail
growth (n ¼ 1) or having traces of nail polish (n ¼ 1) were
excluded from the study.

2.2.2 Measurement of other covariates. Age, gender,
education level, profession and smoking status were reported
by the participants through a self-administered questionnaire.
The smoking status was classied into two groups: presence or
absence of smokers in the household. Age was also categorised
This journal is © The Royal Society of Chemistry 2018
into two groups: adults and children (<18 years old). Other
lifestyle factors used as covariates included home-grown vege-
tables and home-reared poultry consumption, irrigation water,
drinking water habits, and cooking–showering–washing water.
The characteristics of the physical environment of the homes
included the type of heating system, the area and age of the
house, the number of years since the last interior and exterior
wall painting, the occurrence of reparation works (<1 year), and
the existence of garden and/or backyard. Further details on the
questionnaire data are available from an earlier study.30

2.3 Household dust sampling

In this study, the term household dust encompasses dust
samples collected from indoor and outdoor areas of the house
(henceforth identied as indoor dust and outdoor dust,
respectively). Although indoor dust ingestion was the exposure
pathway of interest, both indoor and outdoor areas were
sampled to assess differences in the geochemistry of the paired
dust samples, which can provide relevant information for
a better understanding of sources, mobility, and fate of the
PTEs.

Participants were asked to abstain from cleaning oor
surfaces for a period of 7 days before the scheduled house dust
sampling. A composite indoor dust sample was collected in
each home using a vacuum sampler as earlier described.30

Outdoor dust was collected from different areas outside the
house such as patios, garden paths and driveways, using a small
dust pan and a broom. Fig. S1† shows the location of the
sampling sites in the study area.

The <150 mm particle size fraction of the dust was obtained
by dry sieving. Although the <250 mm particle size fraction is
usually recommended for the ingestion route,48 recent studies
have been indicating that above 150 mm the indoor dust is
composed mainly of exterior soil.49 Hence, the <150 mm particle
size fraction was selected to minimise the contribution of
exterior soil to the indoor dust composition.

2.4 Instrumentation

Dust samples were digested with aqua regia at 90 �C in
a microprocessor controlled digestion block for 2 h, and the
analysis of 34 chemical elements, including Pb and Zn, was
carried out by Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) at ACTLABS Analytical Laboratory, Canada. Each
sample batch prepared for ICP-MS analysis included dust
samples, duplicates, blanks and standard reference materials,
for quality assurance and quality control (QC/QA) procedures.
The standard reference materials GRX-1, GRX-4, GRX-6 and
SAR-M (United States Geological Survey) were selected to
represent a wide range of total elemental concentrations.
Results of method blanks were always below detection limits,
which are of 0.01 mg kg�1 for Pb and 0.1 mg kg�1 for Zn. Values
for precision (expressed as the relative standard deviation –

RSD%) were typically less than 15% for all elements.
The bioaccessibility of the PTEs was determined by sub-

jecting a subset of indoor dust samples (n ¼ 8) to the Unied
BARGE Method (UBM), as described elsewhere.30 For quality
Environ. Sci.: Processes Impacts
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control purposes, duplicate samples, blanks, and the bio-
accessibility guidance material BGS 102 were extracted with
every batch of the UBM extractions. The blanks always returned
results that were below the detection limit. For the subset under
study, the RSD in the stomach phase was 2.5% for Pb and 6.5%
for Zn, while in the intestine phase was 55.4% and 32.5% for Pb
and Zn, respectively. Hence, only data obtained from the
stomach phase were used to assess the PTEs' bioavailability
from their bioaccessibility.50

Toenail samples were washed thoroughly, rinsed repeatedly
in Milli-Q water (Millipore Corp., Billerica, Mass.) and meth-
anol, dried, weighed and stored in polyethylene containers.
Concentrations of Pb, Zn, and 32 other elements were deter-
mined in the toenail clippings as earlier described.30 QA/QC
procedures included method reagent blanks and a standard
reference material (NIST SRM 1575a). This reference material is
intended primarily for use in the evaluation of techniques
employed in the analysis of pine needles and materials of
a similar matrix. Recoveries obtained in the SRM were always
equal to 83% for Pb, and varied between 101 and 102% for Zn,
within acceptable ranges. Mean repeatability (expressed as
RSD%) was 12.4 for Pb and 0.8 for Zn.
2.5 Statistical techniques

Univariate and bivariate statistics, as well as distribution plots,
were examined for all variables. Non-parametric tests were used
to assess differences in dust metal concentrations between
indoor and outdoor house locations. Differences between
groups were tested using the Mann–Whitney U, being the
results interpreted based either on rank differences or group
median differences. A probability of 0.05 or lower was regarded
as signicant in testing the null hypothesis of no differences in
concentrations across the home environments.

Boxplots and the Shapiro–Wilk test were used to check
whether the variables under study had a normal distribution.
The results indicated that most variables were not normally
distributed, within a 95% signicance level. Hence, the chem-
ical data were log-transformed prior to the multivariate
analysis.

Data patterns were investigated through multivariate anal-
ysis of the data matrix comprising the full suite of chemical
elements determined in the household dust. The factorial
analysis aimed to assess potential differences between the
chemistry of indoor and outdoor dust samples. It further aimed
at identifying and characterising potential sources, as well as
quantifying their relative contribution to the total PTE dust
content. A combination of different techniques of multivariate
analysis was used to achieve the desired purposes, as described
henceforth. For clarity, a ow diagram summarising the
statistical methodology developed is presented in the form of
ESI (Fig. S2†).

The PCA technique is one of the multivariate analyses that
have been successfully applied for source identication.6,27,51

PCA is adapted to quantitative variables, which transforms u
possibly correlated variables into u uncorrelated variables,
referred to as principal components.52 PCA proposes to explain
Environ. Sci.: Processes Impacts
the maximum amount of variance with the fewest number of
principal components (PCs) and minimum loss of relevant
information. The relationships between the geochemical vari-
ables can be identied by projecting in 2-D plots the correlation
of each original variable with the rst, and more important, PCs
(loading plots). Variables used to calculate the PCs are named
active variables. Additional variables usually referred to as
supplementary variables, can also be represented in the bi-
plots. Although supplementary variables are not used to
obtain the PCs, their geometrical relationships with the active
variables can be observed in the 2D plots,53,54 providing further
support to the interpretation of the results.

Following PCA, MLR analysis was applied using the PTEs log-
transformed total concentration determined in the dust as the
dependent variables and factor scores (PCs) as the independent
variables, to predict the contribution of each source to the
household dust pollution. Using eqn (1) the source's contribu-
tion to the total PTE content in the household dust can be
apportioned. The contribution of each identied source was
calculated as follows:55,56

Si ¼
 

biX
bi

!
� 100 (1)

where Si is the source contribution to the total dust PTE content,
bi is the standardized regression coefficient for the identied
source (available from the MLR coefficient table) and Sbi. is the
sum of the standardized regression coefficients.

Cluster analysis (CA) is part of the sequence of techniques
starting with PCA and nishing with LDA. First, the PCA
reduces the dimensions and therefore the number of variables,
which makes it easier to run the CA. Then, CA identies the
grouping and, lastly, the LDA checks the goodness-of-t of the
model derived from the cluster analysis and proles the clus-
ters. The LDA allows the identication of a few linear combi-
nations of the original variables that serve to discriminate
among clusters.57 The CA depends on the LDA to check whether
the groups are statistically signicant and the variables signif-
icantly discriminate between the groups. Furthermore, the LDA
builds a predictive model that allows predicting the cluster
membership. Thus, the clusters obtained from the CA were
used in the LDA to assess the prevalent sources of PTEs, both to
indoor and outdoor dust samples.

In this study, the multiple linear regression (MLR) technique
was utilised twice, for different purposes. The rst MLR analysis
was used to predict the contribution of each metal source to the
household pollution, as described earlier. Residuals plots were
used to assess whether residuals were approximately normally
distributed. The second MLR was performed stepwise to model
the relationships between toenail data and PTE contents in the
household dust samples. In this stepwise MLR, concentrations
of PTEs in the toenails were used individually as the dependent
variable to obtain the MLR models. The criteria for stepwise
MLR were: probability of F to enter#0.05 and probability of F to
remove $0.1. The Durbin–Watson test assured the absence of
rst-order linear auto-correlation in our multiple linear
regression data, that is, that we had an independence of
This journal is © The Royal Society of Chemistry 2018
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observations, which is one of the assumptions required for MLR
to give us a valid result.

Univariate and bivariate statistics, boxplots, the Shapiro–
Wilk and the Mann–Whitney U tests, CA, LDA and MLR analysis
were performed using the IBM SPSS (v. 21) soware. The PCA
was performed using the AnDad (v. 7.12) free soware package.
3. Results and discussion
3.1 Lead and zinc in toenails

Total Pb concentration in toenails of the study group ranged
from 60 to 2770 mg kg�1 with an average value of 440 mg kg�1

(Table 1). Higher concentrations were obtained for Zn that
range from 72 to 191 mg kg�1 and have an average of 120 mg
kg�1. Mean concentration values of the study group relative to
the controls are lower for Pb and higher for Zn. However, the
differences are not statistically signicant (p > 0.05).

On average, toenail Pb contents obtained in this study are
lower than the ones reported for populations exposed to mining
contamination,20,21 and slightly higher than those found in
workers exposed to welding fumes.58 In contrast, the majority of
the participants have Zn contents in their toenails that are
higher than those found in other populations exposed to envi-
ronmental contaminants.21 Goullé et al. 2009 propose reference
ranges,23 derived from concentrations determined in toenail
samples from 50 healthy volunteers, of 63–105 mg kg�1 for Zn
and 70–1800 mg kg�1 for Pb, that are slightly lower than the
ranges found for the volunteers of this study.

Levels of Pb in the toenails do not seem to be dependent
upon the age or gender of the study participants (Fig. 1). Of
note, the several outlier values observed for Pb in adults
(Fig. 1C) that supported the decision to further investigate
human exposure to this PTE in the area. The content of Zn in
children's toenails (Fig. 1D) is signicantly higher than in
adults (p < 0.05). The result is not unexpected given that growing
infants, children and growing adolescents require more Zn per
kg of body weight than do mature adults.15 Although Zn is an
essential nutrient for normal growth because of its critical role
in multiple metabolic pathways, there is no storage form of Zn
in the body that can be readily mobilised when intakes are
Table 1 Total concentrations of Pb (mg kg�1) and Zn (mg kg�1) in
toenails of the study (n ¼ 27) and control (n ¼ 3) groups; comparison
with other relevant studies

Pb Zn

Min 60 72
Max 2770 191
Mean � SD 404 � 634 120 � 30
Median 190 116
Non-exposed group b90 c139
Coelho et al. 2012 (ref. 20) a1110 � 340 —
Grashow et al. 2014 (ref. 58) a390 � 3000 —
Goullé et al. 2009 (ref. 23) c460 c83
Ndilila et al. 2014 (ref. 21) b21 400 b113

Min: minimum; Max: maximum; SD: standard deviation. a Mean � SD.
b Mean. c Median.

This journal is © The Royal Society of Chemistry 2018
inadequate,59 enhancing the need for a regular dietary supply.
The results obtained show that Zn deciency is not a health
issue for the study group.

In summary, on average, Zn contents in the toenails of the
study group are more elevated than those reported in other
studies and above the reference range23 (Table 1). Several outlier
values were observed for Pb in adults.

3.2 Total and bioaccessible concentrations of Pb and Zn in
household dust samples

Differences in Pb and Zn household dust contents were
assessed through their concentrations ratio in the indoor and
outdoor dust (Table 2), calculated as follows:

ratioi ¼
median concentration of element i in indoor dust samples

median concentration of element i in outdoor dust samples
:

(2)

While concentration information is useful for direct
comparisons of indoor dust with outdoor media, loading is
considered to be an appropriate index of potential exposure,60

which is understandably the reason why it is the measure most
widely used in epidemiological studies. Studies that aim
assessing differences between the chemical composition of
indoor dust and exterior soil or dust are more limited. There
are, however, some studies that can be used for comparison,
and Table 2 shows ratios estimated from data found in the
literature for the cities of Ottawa in Canada,8 Aswan in Egypt61

and Muscat in Oman.9 The table further shows some summary
statistics for PTEs concentrations in the indoor dust collected
from the Estarreja residences as well as in the area with no
anticipated pollution. Statistics for outdoor metal concentra-
tions are provided in the form of ESI (Table S1†).

In Estarreja, the concentrations of Pb and Zn are almost two
times higher in indoor dust than in outdoor dust samples.
However, differences in concentrations are statistically signi-
cant only for Zn (U ¼ 106, p ¼ 0.019). Also signicant is the
higher Zn content in outdoor dust samples collected from the
area with no anticipated pollution, but the number of samples
available is not enough to make assumptions about local
outdoor sources. The comparison with other studies available
from the literature discloses distinct distribution patterns.
Some8,61 report on higher indoor metal concentrations (ratio >
1), which is in agreement with our results (Table 2). It is of note
that, although the calculated ratio is smaller than the ones re-
ported for Ottawa and Aswan, in Estarreja the dust Zn contents
are more elevated both in indoor and outdoor dust samples
(Tables 2 and S1†). Rashed (2008) found an inverse tendency,
with lower Pb contents in indoor dust samples (ratio < 1) from
Aswan (Table 2).

A subset of dust samples (n¼ 8) was subjected to the UBM to
estimate the oral bioaccessibility of the PTEs in the indoor dust.
The bioaccessible fraction (BAF) was calculated as follows:

BAF ¼ UBM extracted concentration in the stomach

total concentration in the indoor dust
(3)
Environ. Sci.: Processes Impacts
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Fig. 1 Box-plots displaying the distribution of Pb (plots A and C) and Zn (plots B and D) contents in toenails according to gender (plots A and B)
and age group (C and D).
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The oral bioaccessibility estimates are provided in the form of
ESI (Table S2†). Following ingestion, about 60% of Pb and 84%
of Zn indoor dust total contents were estimated to be bio-
accessible to the residents (Table S2†). The standard-deviation
values indicate that the BAF of Pb varies more than that of
Zn, suggesting that the bioaccessibility of Pb is highly site-
specic and controlled by the particular physicochemical
properties of the indoor dust. Zinc has BAF values in the 80–
90% range for the majority of the studied samples, suggesting
that, in this study, the total concentrations may be representa-
tive of the element's bioavailability for a worst-case-scenario.

At their homes, people spend long periods of time indoors,
which in case of a long-term exposure scenario increases the
Table 2 Summary statistics of Pb and Zn concentrations (mg kg�1) in in
concentrations; comparison with other studies

Element Ratio Mean

Pb 1.6 174
Zn 1.9 1349
Pb 1.5 75
Zn 0.4 853
Pb 6.7 406
Zn 6.4 717
Pb 1.7 108
Zn 5.7 753
Pb 0.6 102

Environ. Sci.: Processes Impacts
health risk. Although it is well established that ingestion
represents a major exposure route for contaminants in
comparison to inhalation or dermal absorption,62–64 indoor dust
ingestion is oen an overlooked exposure pathway for PTEs.
The data show that the indoor dust has more elevated concen-
trations of Pb and Zn, especially the latter. Hence, assessing
potential indoor and outdoor sources controlling the compo-
sition of the indoor dust has the potential to increase under-
standing of this exposure pathway.
3.3 Source identication and apportionment

Enrichment factors (EFs) have been widely used to distinguish
between anthropogenic inuences and natural background
door dust samples (n ¼ 19) and the ratio between indoor and outdoor

Range Reference

53–1180 This study
582–5210
64–87 Area with no anticipated pollution
839–867
50–3226 Rasmussen et al. 2001 (ref. 8)
239–1840
35–481 Yaghi and Abdul-Wahab 2004 (ref. 9)
18–8504
85–120 Rashed 2008 (ref. 61)

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Loadings plots for the four PCs (three factorial planes) under
study. Only variables well represented in each of the investigated
factorial planes (loadings > 0.5) were labelled; unlabelled variables
were considered irrelevant to the interpretation of the geometrical
relationships.
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contents,6,65,66 despite the intrinsic shortcomings associated
with factors such as the variable composition of the local
substrate or the impact of biogeochemical processes.67 In this
study, the EFs were used as screening tool to ascertain relevant
PTEs to be included in the source apportionment study. EFs >
10 are usually deemed indicators of a non-crustal source for the
elements (unnaturally enriched in the sample media), while
elements of crustal origin have EFs < 10 (natural geochemical
background). Li et al. (2016) further specify that an EF > 100
indicates an anomalous enrichment of the element in the
sampled media.66

In this study, EF values were calculated with respect to
aluminium (Al), according to:

EF ¼

�
CX

CRef

�
dust�

CX

CRef

�
crust

(4)

where (CX/CRef)dust and (CX/CRef)crust were the concentration
ratios of the element of interest to the reference element Al in
the samples and in the continental crust,68 respectively. Among
the elements potentially related to the earth continental crust,
Al was selected to be reference element because it showed
higher concentrations in the outdoor dust than in paired indoor
samples. Others, such as potassium (K) or magnesium (Mg),
had higher indoor concentrations, which could be indicative of
indoor sources, and weren't therefore considered. The results
obtained are graphically displayed and presented in the form of
ESI (Fig.S3†). While elements such as boron (B), bismuth (Bi),
calcium (Ca), copper (Cu), As, selenium (Se), molybdenum (Mo),
cadmium (Cd), tin (Sn), tungsten (W), Pb, and Hg are enriched
(10 < EF < 100), Zn and antimony (Sb) are anomalously enriched
in the household dust (EF > 100).

Principal components analysis was performed to identify
elemental associations (chemical signatures) suitable to be
used as chemical tracers of distinct pollutant sources. Given the
excessive amount of chemical elements (u ¼ 53) to the number
of samples (n ¼ 38) available from the dataset, it was necessary
to exclude some variables from the PCA analysis. Thus,
elements having an EF > 10 were used as active variables to run
the PCA, while those having an EF < 10 remained as supple-
mentary variables. To get a good understanding of the
geometric relationships between the variables, Fig. 2 presents
the loading plots of the PCA. The eigenvalues, the explained
variances and variables loadings of the rst four PCs, which
have an eigenvalue above 1 and account for ca. 74% of the total
variance, are provided in the form of ESI (Table S3†). Since
knowing the variation patterns between indoor and outdoor
samples may be useful for data interpretation, boxplots of
elemental concentrations in the household dust are further
provided as ESI (Fig. S4†).

PC1 (accounting for 42.8% of the total variance) clearly
separates As from the majority of the elements under study
(Fig. 2A). While As shows signicantly higher concentrations in
the outdoor dust (p < 0.05), other PTEs associated with PC1 have
signicantly higher concentrations in indoor dust samples
This journal is © The Royal Society of Chemistry 2018 Environ. Sci.: Processes Impacts
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(Fig. S4†). Supplementary variables such as scandium (Sc),
thorium (Th), manganese (Mn), and yttrium (Y) have, on PC1,
loadings similar to those of As (Table S3†), suggesting a rela-
tionship between these variables. Thus, although As has an EF
¼ 25 indicative of a non-crustal source (Fig. S3†), its association
with elements such as Mn, Th, and Y suggests that an earth
crust related source is more likely than an anthropogenic origin.
Elements such as Mn, Y, lanthanum (La), Th, or gallium (Ga) in
dust have been identied as natural elements in several
studies,30,69,70 which supports further the assumption that As in
the household dust of Estarreja has a natural source. The large
number of variables having high positive loadings on PC1
points out towards multiple anthropogenic sources (Fig. 2A).
These PTEs can be divided into two groups of associated vari-
ables, depending on their loadings on PC2: (i) Group I
comprising W, Sb, Sn, Bi, Hg, and Cu having positive loadings
on PC2, and (ii) Group II made up of Zn, Cd, and B having
negative loadings on PC2. Various sources have been reported
for Group I PTEs, including biomass burning, vehicular traffic
(non-exhaust sources such as brake wear, lubricating oils and
corrosion of galvanised vehicular parts), cooking fumes, and
industrial activities.4,71–75 However, given their association with
elements such as nickel (Ni), sodium (Na), and especially K
(Table S3†), the most likely are smoke-related sources such as
cooking, wood burning in stoves and replaces, agriculture
waste burning and res occurring in forested areas.4,65,76 Whilst
wood burning particulate matter emissions are one of the major
emitters of K+,65,76,77 the identication of a biomass burning
source is usually possible only through the combined use of
levoglucosan and K+ data because non-biomass burning sour-
ces may contribute signicantly to atmospheric K+.78 Puxbaum
et al. (2007) have found for Aveiro, a coastal city only 15 km
further south from Estarreja, high levels of atmospheric levo-
glucosan that were interpreted as being associated with the use
of wood for domestic heating that is common in north Portugal,
forest res, burning of agricultural and garden waste, and
cooking,79 which is in agreement with a biomass burning source
for Group I PTEs. Also, results from an earlier study indicated
that elements such as K, Na or Cd in the indoor dust were
related to wood burning in replaces in the Estarreja homes.30

Hence, the assignment of biomass burning as PTEs source is in
good agreement with earlier studies carried out in the region.
However, the association of Na and K (Table S3†) with Group I
PTEs and the coastal location of the city (Fig. S1†) suggest
a potential contribution from sea salt. Other studies indicate Na
and K concentrations in dust has indicators of marine salt.77,80

But PTEs such as W, Cu and Hg have been associated with many
industrial processes,75 another source that has to be taken into
account as this is an industrial city. Hereupon, Group I was
interpreted as representing mixed biomass burning and
anthropogenic pollution, with a contribution from sea salt.
Other studies have found mixed anthropogenic sources for
PTEs in dust.75,81,82

As in Group I, Group II elements (Zn, Cd and B) have
signicantly higher concentrations (p < 0.05) in indoor dust
samples (Fig. S4†). Among others, environmental sources of Zn
and Cd include biomass burning, vehicular traffic and
Environ. Sci.: Processes Impacts
industrial activities.70,73,75,82 Main sources of B to the environ-
ment are marine sources (including marshes and lakes),
weathering of clay-rich sedimentary rocks, organic matter and
biomass burning, B-containing fertilizers and coal combus-
tion.83,84 Once more, biomass burning, vehicular traffic and
industrial activities are likely sources, which explain the asso-
ciation of both Group I and Group II variables to PC1. From the
supplementary variables, strontium (Sr) is the only element
associated with Group II (negative loading in PC2, Table S3†).
Since Sr is oen suggested as a suitable tracer of mineral dust
and the local geology is composed mainly of sandstones and
clay deposits that are enriched in B,45,85 it is possible that
anthropogenic particulate matter emitted to the atmosphere
settles at ground-level where it mixes with mineral dust and/or
soil. Hence, Group II probably represents a mixed biomass
burning and anthropogenic pollution, with a contribution from
mineral dust/soil. Mineral dust may be easily trapped by foot-
wear and later transported indoors. Overall, PC1 looks like the
component associated with biomass burning, vehicular traffic
and industrial activities, either inuenced by sea salts (Group I)
or mineral dust/soil (Group II).

On PC2 (accounting for 13.7% of the total variance) Pb and
Se are a pair of strongly associated variables (Group III). Vehicle
exhaust and biogenic emissions are known to be important Se
sources to the atmosphere.86,87 Non-exhaust traffic related
materials such as lubricating oil, brake dust and street paint
have been indicated as important anthropogenic Pb sources.73,74

Although particles from fresh biomass burning usually do not
contain Pb, the element may be introduced to the biomass
burning particulates during combustion.88 Some authors re-
ported on dust Pb contents associated with biomass
burning.72,88 The small number of variables correlated with PC2
(none of the supplementary variables was associated with the
component) hampers a reliable assignment of a specic source
for Pb and Se in the household dust. However, the results ob-
tained and the ndings of other studies30,79 are in good agree-
ment and provide support to the assumption that these
elements mainly originate from biomass burning. Furthermore,
Pb is not correlated with any of the PTEs commonly reported as
occurring associated with non-exhaust traffic related
materials.6,70,74,75

Arsenic and Mo have high positive loadings on PC3 (Fig. 2
and Table S3†). The latter is more concentrated in the indoor
dust (Fig. S4†), but the differences between indoor and outdoor
samples are not signicant. The geology of the area is composed
mainly of sandstones and clay deposits, where the two elements
tend to be concentrated,45,85 providing additional support to the
natural origin earlier assigned for As. Furthermore, other
crustal elements associated with PC3 (Table S3†) include iron
(Fe), Ga, niobium (Nb), and cobalt (Co), which support further
the assumption that As and Mo, although enriched (Fig. S3†),
are related to natural sources.

PC4 (accounting for 8.5% of the total variance), shows high
loadings of Ca, Zn, and Bi (Table S3† and Fig. 2). These elements
have been associated with a mixed material made up of tire
dust, diesel soot, and asphalt pavement debris.6,70,89 Some
authors indicate Ca as a typical soil component4,51 when
This journal is © The Royal Society of Chemistry 2018
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associated to Si or Mg, which are indicative of a crustal source,
while others suggest an association with the wear of asphalt
concrete89 or building materials.75,82 Adachi and Tainosho
(2004) relate Zn to tire tread.73 Although building materials
cannot be excluded as a potential source, it is likely that PC4
represents a mixed material made up of tire dust and pavement
debris. In this study, the higher concentrations in the indoor
dust (Fig. S4†) are signicantly different from those determined
in outdoor dust samples (p < 0.05), suggesting that particles of
this mixed material nd their way into the home. Thus, PC4 is
probably the component related to vehicular traffic or repara-
tion works in the house.

In summary, PC1 is interpreted as the component separating
earth crust related elements from those having mixed anthropo-
genic sources. PC2 probably represents elements associated with
biomass burning and PC3 elements (As andMo) that are naturally
enriched in the household dust (Fig. 2B). PC4 is related either to
vehicular traffic or reparation works (Zn and Ca).

The factor scores obtained following PCA were regressed
against the log transformed Zn and Pb dust content to appor-
tion the percentage contribution of each identied source to the
household pollution. Table 3 presents the linear models ob-
tained. R2 shows that the two regression models account for ca.
75% of the total variance, which indicates a good t and allows
the application of MLR. Both regression models are statistically
signicant (p < 0.001). The coefficients displayed in Table 3 were
used in eqn (1) to estimate relative contributions from each
source, according to the methodology early described.

For Zn, biomass burning, vehicular traffic and industrial
activities (assigned to PC1) contribute 44.0%, PC2 (biomass
burning) contributes 21.3%, PC3 (soil resuspension) contrib-
utes 5.1%, and vehicular traffic and/or reparation works
(assigned to PC4) contributes 29.6%. In the case of Pb, biomass
burning, vehicular traffic and industrial activities contribute
21.5%, biomass burning contributes 57.1%, soil resuspension
contributes 2.9%, and vehicular traffic and/or reparation works
contributes 18.5%. These results are provided in a bar chart as
ESI (Fig. S5†). It is of note that biomass burning and vehicular
traffic are the major sources of the two PTEs. Furthermore,
industrial activities and vehicular traffic seem to be more
important sources of Zn than Pb to the atmosphere (Fig. S5†).

Seeking further information on PTE sources for the house-
hold dust, cluster analysis (CA) was performed using the PCs
obtained from the PCA. The k-means algorithm used searches
for a local solution that minimises the Euclidean distance
between the observations and the cluster centres.90,91 A major
obstacle in using k-means is that the number of clusters (k)
must be assigned a priori. Given that there was no pre-existing
knowledge on the number of clusters to expect, a hierarchical
Table 3 Multiple linear regression models obtained for Pb and Zn conte

Stepwise MLR model

Zn [log Zn]dust ¼ 2.972 + 0.085PC3 + 0.331PC1 � 0.284
Pb [log Pb]dust ¼ 2.009 � 0.031PC3 + 0.226PC1 � 0.60

a Standard error of the estimate.

This journal is © The Royal Society of Chemistry 2018
CA was performed rst to dene the number of clusters. Ward's
criteria and the squared Euclidean distance among within-
clusters observations were used to compute the proximities.
Using the elbow rule, the number of clusters was set as being
equal to ve. Then, the k-means procedure was employed to
form the clusters. A k-means following the hierarchical analysis
had the advantage of minimising the impact of outlier points on
the solution.92 The ve clusters were interpreted through the
mean PCs values (Tables S3 and S4†).

Cluster I is similar to PC2 and PC4 (Table S4†), Cluster II is
similar to PC1, PC2 and PC4 (negative scores), Cluster IV is close
to the proles of PC4 and PC2 (negative scores of PC2), Cluster V
is only similar to the prole of PC1 (negative scores) and Cluster
III is different from them all (Table S4†). Hence, from Tables S2
and S3,† the clusters are composed by:

Cluster I: W.
Cluster II: B + Bi + Cu + Cd + Sb + Sn + Hg + Zn + W + Ca +

(Na + K).
Cluster IV: Pb + Se.
Cluster V: As.
Tungsten has many industrial and military applications.

Also, some phosphate fertilisers may contain signicant
concentrations of W. House appliances with W include lighting
applications (metal wires, coils, etc.) and electrical contacts.93

Although W is a Group I variable (Fig. 2) possibly associated to
vehicular traffic and industrial activities, it is possible that
unlike other Group I elements, its content in some indoor dust
samples is also inuenced by a variety of house appliances.
Given that Cluster II is similar to the proles of PC1, PC2 and
PC4, the samples within the cluster are interpreted as the ones
havingmixed anthropogenic sources (industry, vehicular traffic,
reparation works and biomass burning with contributions from
sea salt and mineral dust). Cluster IV samples are probably
related to biomass burning and Cluster V to soil resuspension.

Following the CA, the predicted cluster membership was set
to be the categorical variable of the LDA. Once the different
chemical signatures determined had been associated with
a particular environmental source, it was necessary to check
whether the clusters were statistically signicant and the
chemical signatures discriminated well the ve clusters.
Furthermore, one of the aims was to assess whether the iden-
tied chemical signatures (clusters) discriminated well indoor
from outdoor dust samples.

Table S5 of the ESI† presents the sample classicationmatrix
for the LDA models. The rows show the CA membership of the
samples and the columns show the classications given by the
LDA models. Based on Table S5,† only one sample of Cluster II
was misclassied. Overall, this indicates that the LDA models
classify with accuracy the CA membership.
nts in the house dust

R2 aStd. error

PC2 � 0.501PC4 0.75 0.18
3PC2 + 0.195PC4 0.75 0.17

Environ. Sci.: Processes Impacts
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The discriminant plot of the standardized canonical coeffi-
cients is presented in Fig. 3. Notably evident is the vertical
separation between indoor and outdoor samples associated
with the rst discriminant function (Function 1). Thus, Func-
tion 1, which accounts for the majority of the overall variability
(64.5%), separates the indoor (represented by squares) from the
outdoor (represented by dots) samples, which have distinct
chemical signatures. However, the second discriminant func-
tion (Function 2), accounting for 20.9% of the total variance and
highly signicant (p < 0.0001), seems to separate samples
impacted mainly by biomass burning.

In brief, the multivariate analysis ultimately separated three
groups of household dust samples having distinct characteris-
tics: (i) one group comprising the majority of the outdoor dust
samples with a chemical signature typical of crustal sources; (ii)
one group comprising the majority of the indoor dust samples,
impacted by biomass burning and mixed anthropogenic sour-
ces with contributions from sea salts and mineral dust/soil,
and; (iii) one group made up of both indoor and outdoor dust
with a chemical signature indicative of biomass burning.
Hence, the combination of the different statistical techniques
allowed assessing different chemical signatures that were used
to apportion and identify sources of PTEs, both in the indoor
and outdoor household dust.
3.4 Exposure biomarkers relationships

Before performing the stepwise MLR, the random forest (RF)
algorithm was used as a screening technique to identify lifestyle
factors or characteristics of the physical environment of the
Fig. 3 Results from the discriminant analysis performed using the
predicted cluster membership as the categorical variable. Outdoor
dust samples are represented by dots while indoor dust is represented
by squares. Clusters I and II (in blue and red) contain 74% of the indoor
dust samples and Cluster V (in yellow) contains 78% of the outdoor
dust samples. *BB: biomass burning.

Environ. Sci.: Processes Impacts
house that could inuence the relationships between toenail
and environmental data. Such factors were used later in the
MLR analysis. Hence, element concentrations in toenails were
modelled using the elemental composition of indoor dust and
lifestyle factors to provide further information on the indoor
dust ingestion pathway. A brief summary of the results is pre-
sented in the ESI (Table S6, Fig. S6 and S7†).

In the RF analysis, indoor dust Pb contents did not arise as
a good predictor of toenail Pb. Other environmental and life-
style factors seemed to be better predictors (Table S6 and
Fig. S6†). Residents that consume home-reared poultry, which
was one of the best predictors, have more elevated toenail Pb
contents. The area of the house was another good predictor of
the toenail data with individuals living in smaller houses having
more elevated Pb contents. The type of water used to cook,
shower and wash was also a good predictor of toenail Pb, but
the relationship is inuenced by a couple of residents that use
water from their private well (Fig. S6†).

Indoor dust Zn contents were a good predictor of toenail Zn,
but the relationship seems to be inuenced by factors such as
the age of the house and reparation works (Table S6 and
Fig. S7†). Residents of homes that have had recent reparation
works have less elevated toenail Zn contents, which is probably
due to intense housekeeping that usually takes place aer such
reconstruction works. The relationship between the age of the
house and toenail Zn is not linear and therefore more difficult
to interpret, but the trend is that individuals living in younger
houses are those having more elevated toenail Zn contents.

To assess indoor dust ingestion as a potential exposure
pathway in the home environment, a stepwise MLR analysis was
performed using toenail data as the dependent variable and
indoor dust PTEs contents as independent variables. Chemical
elements having an EF > 10 were the ones included in the
analysis. Based on the RF results (Table S6†), the area of the
house and home-reared poultry consumption, the age of the
house and reparation works were used to model toenail Pb and
toenail Zn, respectively. The linear models obtained are shown
in Table 4.

R2 indicates the proportion of the variance in toenail Pb and
Zn contents accounted for by each regression model. All models
are statistically signicant (p < 0.005). However, the Durbin–
Watson value of d ¼ 1.4 obtained for the Pb model does not fall
in the interval dened by the two critical values of 1.5 < d < 2.5
and, therefore, we cannot assume that there is no rst order
linear auto-correlation in our MLR data, that is, that we have an
independence of observations. In addition, the standard error
of the estimate is higher for the model of Pb than for those of
Zn, indicating a better accuracy of predictions for the later.

Stepwise MLR performed for toenail Zn levels indicates that
Zn and Sb contents in the indoor dust are both predictor vari-
ables once the R2 of model 2 is considerably higher than that of
model 1 (Table 4). Hence, indoor dust ingestion seems to be
a probable exposure pathway to environmental Zn. Antimony,
like Zn and unlike other PTEs sharing the same environmental
sources, is anomalously enriched in the indoor dust (EF > 100),
which may explain why it comes out as a good predictor of
toenail Zn. The element is usually highly bioaccessible (Table
This journal is © The Royal Society of Chemistry 2018
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Table 4 Stepwise multiple linear regression models obtained for Pb and Zn contents in the toenail clippings

Stepwise MLR model R2 aStd. error

Pb [log Pb]toenails ¼ 4.467 � 1.618[Sn]dust 0.42 0.34
Zn (model 1) [Zn]toenails ¼ 1.239 + 0.274[Zn]dust 0.23 0.094
Zn (model 2) [Zn]toenails ¼ 1.239 + 0.274[Zn]dust + 0.163[Sb]dust 0.40 0.084

a Standard error of the estimate.
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S2†), which means that almost all Zn in the indoor dust is
available to be absorbed in the gastrointestinal tract following
ingestion. The bioaccessible fraction of Pb is extremely variable
between samples (ranges from 21 to 82%), indicating that the
total concentrations can hardly be representative of the oral
bioaccessibility, and therefore of the oral bioavailability. It is of
note that the absorbed dose in the human body is ultimately
controlled by the element's bioavailability. Bioaccessible
concentrations and toenail contents were plotted in XY graphs
to assess whether the bioaccessibility inuenced the toenail
contents (Fig. S8†). Looking at the graph (a), a positive trend is
observable where increasing concentrations of bioaccessible Zn
in the indoor dust correspond to increasing toenail Zn contents.
For Pb, the points are randomly distributed, indicating that the
variables are uncorrelated. The Spearman correlation coeffi-
cient calculated for Pb (r ¼ 0.43, p > 0.05) and Zn (r ¼ 0.51, p <
0.05) conrm the relationships displayed in the gure. We used
total Pb concentrations in the dust to identify relationships with
the biomarker, which, according to the results of the bio-
accessibility testing, do not reect the amount of Pb actually
available for absorption in the GI tract. Therefore, for this
element, the absence of a correlation is not entirely unexpected.
Although the subset of 8 samples used to estimate the Zn bio-
accessibility is small, the low variability between the randomly
selected samples (Table S2†) allows extrapolating the relation-
ships obtained to the entire set with a certain degree of
condence.

However, a 40% value for the total variance explained by the
stepwise MLR model of Zn (Table 4) indicates that the results
must be interpreted with caution. In this study, a single expo-
sure pathway was investigated, which is surely insufficient to
substantiate the toenail data to its full extent. In fact, the RF
analysis indicated home-reared poultry consumption as
a predictor of toenail data, although the relationship was not
later conrmed by the stepwise MLR analysis. An increasing
number of studies has been indicating the ingestion of food-
stuffs, either commercial or home-grown, as a signicant
pathway of exposure to PTEs.94–97 Some authors have found non-
carcinogenic risks associated mainly with rice, vegetables, and
household dust ingestion for adults, and with household dust
for young children,94 pointing out towards the importance of
the two exposure pathways.

4. Conclusion

The small amount of settled dust usually available for collection
from indoor environments (highly depending on house-
keeping), oen limits the number of analytical procedures (dust
This journal is © The Royal Society of Chemistry 2018
chemistry, physicochemical properties, mineralogy, bio-
accessibility, isotope measurements, solid-phase fractionation,
etc.) that can be utilised. As we were facing the problem in this
particular study, it was necessary to compromise. Given the
impossibility of running further analyses such as isotope
measurements, a useful tool for source identication and
apportionment, we developed a methodology combining
different techniques of multivariate analysis to characterise and
quantify PTEs sources. The approach had the advantage of
allowing evaluating multiple chemicals and developing a site-
specic geochemical prole. Furthermore, the results ob-
tained were later integrated with toenail data to produce
a source-pathway-receptor model.

The proposed methodology provided information on sour-
ces, pathways, and the fate of Pb and Zn that can be summar-
ised as follows:

(1) The measured toenails concentrations were slightly
higher than the ranges found for healthy people available from
the literature.

(2) The enrichment factor showed that B, Bi, Ca, Cu, As, Se,
Mo, Cd, Sn, W, Pb, and Hg are enriched (10 < EF < 100) and Zn
and Sb (EF > 100) are anomalously enriched in the household
dust, indicating a potential exposure to these PTEs in the home
environment.

(3) Multivariate analysis performed in a PCA–CA–LDA
sequence separated three groups of household dust samples
having distinct characteristics: (i) one group comprising the
majority of the outdoor dust samples with a chemical signature
(As, Mo) typical of crustal sources; (ii) one group comprising the
majority of the indoor dust samples, impacted by biomass
burning and mixed anthropogenic sources (Bi, Cu, Cd, Sb, Sn,
Hg, Zn, W, Ca) with contributions from sea salts (Na, K) and
mineral dust/soil (B), and; (iii) one group made up of both
indoor and outdoor dust with a chemical signature indicative of
biomass burning (Pb, Se).

(4) Stepwise MLR indicates that Zn and Sb concentrations in
the indoor dust are the predictor variables for toenail Zn
contents. Given the likelihood of a rst-order linear autocorre-
lation in our multiple linear regression data, the statistical
model obtained for toenail Pb was considered unreliable.

(5) A positive linear relationship (R2 ¼ 0.61) was observed
between bioaccessible Zn concentrations and toenail Zn
contents, which was conrmed by a statistically signicant (p <
0.05) correlation (r¼ 0.51) between the two variables. Unlike Zn,
the bioaccessibility of Pb is highly variable between samples.
Both results suggest that the oral bioaccessibility of the PTEs
inuences the exposure–biomarker relationship.
Environ. Sci.: Processes Impacts
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However, the obtained MLR model, although highly signi-
cant, explains a small part of the total variance. Exposure
pathways other than dust ingestion are probably contributing to
the body metal burden of the participants. Nevertheless, the
developed methodology proved to be effective to identify and
characterize potential sources of PTEs in the Estarreja region,
despite the complexity and limitations associated with our
datasets. Hence, evidence suggests that the same methodology
has the potential to be applied to a broad range of environ-
mental scenarios for data integration and management, which
can be useful to researchers and environmental assessors.
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