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HIGHLIGHTS GRAPHICAL ABSTRACT
+ Archives can provide data series that may
be used to model historical emissions Glass district in SE Sweden
+ Pb emissions to air was modelled for the
20th century and used to assess exposure Pb exposure
+ Around the studied glassworks, emissions r h
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+ By year 2000, the inhalation of Pb was )
comparable to that found in urban regions Acceptable level
I I YV I — - _;
T T T T T i T T T 4
w <{:> E E R ,9"0,9'19,9'50@‘*0,\q@o@@\é@@@@qﬁ@@
S

ARTICLE INFO ABSTRACT
Editor: Katarzyna Kordas The objective of the present study was to assess historical emissions of Pb to air around a number of glassworks sites in
southeastern Sweden, and the possible implications for human exposure. To do so, a four-step method was applied.
Keywords: First, emissions of Pb to air around 10 glassworks were modelled for the 20th century. Second, an assessment of the
Glass resulting exposure was made for a number of scenarios. Third, the number of people potentially exposed at different
Eﬁ?;cr:l times was estimated, and fourth, measurements of “current” Pb concentrations in PM,, material from four sites
Air pollution were conducted in 2019. The results show that the highest emissions, and exposures, occurred from 1970 t01980. It
Lead coincides with the time period when the highest number of people resided in the villages. At this time, the average
Risk assessment Pb concentration in air around the six largest factories was about 2.4 ug Pb/m?, i.e. 16 times the present US national

ambient air quality standard (NAAQS) of 0.15 pg Pb/m>. By year 2000 the modelled average concentration had
dropped to 0.05 pg Pb/m?>, a level that is normal for urban regions today. The PM, o measurements from 2019 indicate
a further decline, now with a mean value of about 0.02 g Pb/m>. Over the entire study period, inhalation hazard quo-
tients (HQs) exceeded the dietary HQ by many orders of magnitude, indicating that inhalation has been the most prev-
alent exposure pathway in the past. At present, both pathways are judged to be associated with low exposures. Even if
only roughly approximated, a picture of the historical exposure can increase our understanding of the connection be-
tween exposure and disease, and can be valuable when risks are to be communicated to residents near contaminated

areas.
1. Introduction
; . An inconvenient legacy of past industrial activities is the contamination
* Corresponding author. K K
E-mail address: anna.augustsson@lnu.se (A. Augustsson). of soil and water. In the EU member states alone there are approximately
1 Equal contribution. 2.5 million potentially contaminated sites (Van Liedekerke et al., 2014),
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and in the US the corresponding number is 1.3 million (USEPA, 2022d).
Residence near contaminated sites has repeatedly been shown to be a sig-
nificant risk factor for negative health effects (Dolk et al., 1998; Hellstrom
et al., 2007; Thomas et al., 2009), and the need to assess and manage envi-
ronmental contamination and its effects are non-debatable. In this context,
there are a number of risk assessment frameworks that are well established
internationally (CCME, 2006; Lijzen et al., 2001; UKEA, 2006; USEPA,
1996). Within these frameworks, human health risks are assessed by com-
paring estimated exposure levels with toxicological reference values, e.g.
tolerable exposure levels. However, when exposure levels are characterized
from contemporary data, a drawback is that one then neglects the possibil-
ity that observed health effects may not derive from current exposure but
rather from a historical situation that may deviate significantly from the
present. In a recent article, Torén et al. (2022) highlighted the critical
role of interpreting dose-response relationships and risks in a historical con-
text. The same point of view was expressed by Coudon et al. (2021), who
argued that a high incidence of diseases linked to e.g. air pollution - despite
generally decreasing pollutant concentrations - may be expected for condi-
tions where there is a long latency period between exposure and manifested
illness, especially different forms of cancer. But while the understanding of
past exposure can be key for a proper assessment and communication of
current risks, or for the interpretation of elevated incidences of illness in
certain populations, it is seldom discussed or put in relation to today's situ-
ation.

One of the most heavily contaminated regions in Sweden is the glass-
works region in the south-eastern part of the country, where glass has
been produced at >50 sites over the past 300 years (Nordstrom, 1999). Pro-
duction flourished in the 20th century but has been minimal over the past
two decades. The production of artistic and crystal glass has been associated
with the use of several different metal oxides, in particular lead (Pb), which
is a major component in crystal glass. The full-leaded crystal glass produced
in the region contained as much as 24 weight-% pure Pb oxide (Council of
the European Union, 1969; Magnusson, 1988), and a common feature of al-
most all glassworks sites today is thus exceptionally high concentrations of
Pb in the soil. Mean concentrations are often found at thousands of mg per
kg dry soil, and maximum concentrations in certain sub-volumes of
landfilled material can even exceed 100,000 mg/kg (i.e. 10 % pure Pb).
Other metal(loid)s are also frequently found in high concentrations in the
soils of the glassworks villages, in particular arsenic (As), cadmium (Cd),
antimony (Sb) and barium (Ba) (Hagner et al., 2018; Zhang et al., 1999).
Of these inorganic As and Cd are classified as carcinogenic to humans
(Group 1) by the International Agency for Research on Cancer (IARC) and
Pb and inorganic Sb as probably carcinogenic (Group 2A). But the elements
are also associated with a number of adverse non-cancer health effects, in-
cluding kidney and bone damage, as well as neurological, cardiovascular
and reproductive disturbances (EFSA, 2010; Nordberg et al., 2015;
Rahman et al., 2009; Satarug and Moore, 2004). Recent studies imply
that cancer incidences in the glassworks villages have been higher than
the national average over the past decades (Helmfrid et al., 2019; Nyqvist
et al., 2017), and while not investigated, there is a widespread concern
among glassworks village residents that their various medical conditions
are due to exposure to local contamination. In addition, the municipalities
and county administrative boards, which regularly hold information meet-
ings for residents in the region, express concern that people are now
avoiding moving to the glassworks villages for fear of getting sick.

Substantial work has been undertaken to understand present-day expo-
sure to the toxic metal(loid)s in the glassworks villages, both after consump-
tion of local vegetables and drinking water from private wells. These
previous studies imply a low contamination impact on local vegetables
(Augustsson et al., 2018; Augustsson et al., 2015) as well as drinking
water (Augustsson et al., 2016). As further described in these publications,
the low solubility, leachability and phytoavailability of the soil metals can
be explained by the geochemical conditions in the regional soils as well
as within the glass waste dumps. Consumption of local food and drinking
water is thus unlikely to explain the observed cancer incidences or other
kinds of disease. Besides, the risks associated with the dietary exposure
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pathways should not have been higher in the past. However, inhalation of
airborne particles can also be a significant route of metal exposure (Cao
et al., 2016; Glorennec et al., 2016), and this was probably significantly
higher in the past than it is now. Today, the production of glass is limited
to only a few sites. Where production is still carried out, emissions of
toxic substances to air are now low following the substitution of the toxic
raw materials. As a consequence, it is possible that any health impairments
in the region are related to historical rather than contemporary exposure,
and probably related to the inhalation of airborne particulate matter.

While the contemporary literature to date includes some examples that
address temporal trends in exposure to airborne contaminants, these exam-
ples mainly concern occupational exposure, where the earliest figures date
back to when systematic exposure measurements began (end of the 1970s
to the mid-1980s). Since then a number of comprehensive reviews have
been published, based on data from multiple longitudinal studies, which
show reduced exposures to harmful substances within the industrial sector
(Symanski et al., 1998a, 1998b; Kromhout and Vermeul, 2000; Creely et al.,
2007; Koh et al., 2014). In addition, concentrations of the most commonly
monitored air contaminants in urban areas (carbon monoxide, nitrogen and
sulfur dioxide, ozone, lead and particulate matter (PM;, and PM, 5)) have
decreased over the past decades in most cities in developed countries
(Carugno et al., 2017; Coudon et al., 2021; Li et al., 2018; Olstrup et al.,
2018; USEPA, 2022c). So not everything was better before.

However, despite a thorough literature search using keywords such as
“inhalation”, “exposure”, “metal”, “PM10”, “archive”, “historical”, “tempo-
ral”, “time”, “past”, “century” and “decade”, we have not managed to find
anything about temporal trends in exposure and/or health risks for resi-
dents living near contaminated sites. The study presented in this paper
uses an approach with historical data to assess changes in inhalation expo-
sure that, to the best of our knowledge, has never been used before. It gives
new perspectives and highlights the need for further studies on the link be-
tween present-day illness and historical exposure.

The aim of the study is to put glassworks village residents' risks of expo-
sure to air-born contamination, focusing on Pb, into a temporal perspective.
Annual amounts of Pb released to the air over the 20th century
(1901-2000) were first estimated for a selected number of glassworks
sites. Second, these amounts were converted into Pb concentrations in air
for four different residence scenarios. Present-day concentrations of Pb in
air were measured for comparison. Third, the non-cancer exposure risks
via inhalation were expressed as hazard quotients (HQs) for 10-year inter-
vals over the 20th century, for each site and scenario, and compared to
present-day risks via both inhalation and dietary exposure. We hypothesize
that the historical exposure via inhalation of Pb has been associated with a
higher risk than the one assessed after both inhalation and dietary exposure
today. Finally, variations in historical inhalation exposure were related to
the past century's changes in population size around the sites.

2. Material and methods
2.1. Study area and focus sites

Only a few of the old glassworks are still active, but no <36 sites are still
found on the county administrative boards' lists of prioritized polluted areas
due to the long-lasting and extensive use and release of Pb and other metal
(loid) contaminants (Kalmar county administrative board, 2019;
Kronoberg county administrative board, 2019). Depending on the type of
glass produced, different substances were added to the batches. Lead
oxide, for instance, was used as a stabilizer in the production of crystal
glass (Magnusson, 1988). It has been estimated that approximately 3 % of
this lead was emitted to ambient air at the temperatures applied when melt-
ing the batches (Kaijser and Fogelberg, 1922).

For this study, ten glassworks were selected for the assessment of histor-
ical Pb emissions to air, focusing on the 20th century (1901-2000) to cover
the 100 years of most intense production. The glassworks were chosen to
cover the variability in production type and produced amounts that applied
to the glassworks of the region during the 1900s (Table 1). Bottles, cans and
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Table 1
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Operating period, glass types, and total volume of glass produced for the ten glass works selected for this study.

Glass work Active years Municipality Main type of production Amount of glass produced
between 1900 and 2000 (tonnes)
Afors® 1876-2012 Emmaboda Household and ornamental glass 12,100
Alsterbro 1871-1969 Nybro Bottles, household glass and pressed glass 16,600
Bergdala® 1889- Hovmantorp Household and ornamental glass 9400
Boda 1864-2003 Emmaboda Household and ornamental glass 25,500
Emmaboda 1919-1930, Emmaboda Window glass 352,000
1934-1978
Gadderés 1874-1967 Nybro Bottles, window glass, lightbulbs and household glass 19,000
Kosta 1741- Lessebo All types of glass 141,000
Maleras® 1890-1904, Nybro Household and ornamental glass, medical glass, bottles, technical glass 41,200
1917-1922,
1924-
Orrefors® 1898-2013 Nybro Household and ornamental glass, cans, window glass and lamps 133,000
Pukeberg 1871-1995 Nybro Household and ornamental glass, technical glass and lamps 62,700

# Glassworks where complementary measurements of Pb in airborne PM;, were made in 2019.

window glass were made of cheaper raw materials, without Pb or other
heavy metals added. Most household glass and pressed glass were also rel-
atively low in metals. Ornamental glass, lamps, crystal glass, medical and
technical glass, on the other hand, could contain a variety of different
metals, both as ingredients in the glass for certain characteristics and for
coloration.

Among the sites examined in this study, Emmaboda is the only one
without clearly elevated Pb concentrations, with an average (arithmetic
mean) of 36 mg Pb per kg soil. For the remaining sites, average soil Pb con-
centrations increase in the following order: 260 mg/kg (Pukeberg) < 870
mg/kg (Gadderas) < 1990 mg/kg (Alsterbro) < 4030 mg/kg (Boda) <
4030 mg/kg (i\fors) < 4100 mg/kg (Afors) < 4460 (Kosta) < 9760 (Orre-
fors) < 13,000 (Bergdala) < 31,000 (Maleras). These concentrations can
be compared to the average regional background concentration of about
25 mg Pb per kg in natural C horizon till soil (Swedish Geological Survey,
data delivery no 2015:0244). The relatively high background concentra-
tions are explained by the occurrence of natural Pb-rich mineralizations
in south-eastern Sweden.

2.2. Historical Pb emissions to air

An important prerequisite for estimating historical emissions is that the
glass industry's manufacturing methods have not changed significantly
over time and that the same is true for the emissions to air. The 20th century
emissions of Pb to air (kg/yr) were calculated separately for each of the ten
glassworks according to the method which is described in more detail by
Larsson et al. (1999). Following this methodology, a model was set up
where a conversion factor was calculated between measured annual Pb
emissions to air and the reported volumes of used raw material (lead
oxide, Pb30,). Measurements of Pb emissions to air were regularly con-
ducted at Kosta and Orrefors during the period 1971-1980, prior to the in-
stallation of dust filters at these facilities. Data from these two sites were
retrieved from regional archives and used in the model parametrisation.
Data on raw material (lead oxide) were collected from Swedish national ar-
chives and compiled for every second year during the evaluated century,
then averaged for the missing years. The conversion factor was used to es-
timate historical emissions of annual Pb to air (in kg) from the 10 glass-
works. For years where data on reported raw materials were missing, the
production volume of different types of glass were used as a predictive
value in a regression analysis to estimate the emissions. The results were
validated by four measurements taken in the 1990s at three different glass-
works (Boda, Afors and Pukeberg).

2.3. Conversion of historical Pb emissions (kg/yr) to annual average concentra-
tions in air (ug Pb/m>)

The greater part of the emitted Pb was assessed to be inhalable (<10
pm), which means that total emissions to air were not adjusted before

calculating inhalable concentrations. The rationale is that primary dust par-
ticles emitted from glass melting furnaces are very fine grained; typically
<0.5 pm according to Stockham (1971). While these small particles tend
to agglomerate to form secondary particles, they are still seldom larger
than 10 pm in diameter (Kasper et al., 2007).

The annual amount of Pb to air via flue gas emissions (E; kg/yr) was
converted into an estimated annual average concentration in outdoor air
(Cpp; pg Pb/m®) through Eq. (1), where RT is the estimated average resi-
dence time (yrs) of glassworks-emitted particles and Va is the air volume
(m®) in which these particles are distributed. Compared to other dispersion
models available to simulate the transport of particulate metals in air from
point sources (Daggupaty et al., 2008; Khaniabadi et al., 2018; USEPA,
2022a), Eq. (1) is a simplification. More advanced simulations would
have been necessary if we did not have actual measurement data on depo-
sition patterns, i.e. information on the distance within which the emissions
from the glassworks factories are deposited (see further description below).
Now that such information exists, we can achieve the purpose of this study
without advanced atmospheric dispersion modeling.

Cep = (E*RT)/Va (1)

The average particle residence time (RT) is of course fundamental for
assessing the contaminant concentrations in air around a point source,
where an increase or decrease in this variable increase or decrease the
particle-bound contaminant concentration proportionally. Particle resi-
dence times in outdoor air can, however, vary by many orders of magnitude
and are affected by numerous factors (Esmen and Corn, 1971; Rossi et al.,
1995). A site and situation specific assessment is thus in most cases more ro-
bust than the application of RT data from the literature. In the study region,
results from previous moss surveys imply that the majority of the Pb depo-
sition occurs close to the glasswork factories. Moss Pb concentrations de-
crease exponentially with distance and reach background levels at
approximately 1000 m distance (Carlsson, 1984). This thus suggests that
the vast majority of the deposition occurs within the first km. By assuming
so, and further considering the average wind speed in the area, we arrive at
a RT of 9,6E-6 yr. According to the Swedish Meteorological and Hydrolog-
ical Institute, the average wind speed in the region was approximately 3.3
m/s during the time period 1961-1990 (Alexandersson, 2006).

The affected air volume (Va) was calculated by a simplified assumption
of combustion particles being distributed in a cone-shaped volume of air,
with a base radius of 1000 m. An average chimney height of 30 m was se-
lected after consulting various reports and representatives from the re-
gional glass industry.

We took into account that the emitted Pb was not evenly distributed and
deposited and therefore considered 4 different residence scenarios in this
work, for which different aerial Pb loads applied. Since the moss surveys re-
ferred to above (Carlsson, 1984) imply that approximately 65 % of the Pb
deposition occurs within 500 m distance and the remaining within the
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Fig. 1. a Wind rose showing prevailing wind, b. Four exposure scenarios (S1-S4) based on directions in the glass works region (SMHI, 2017) prevailing wind direction and

distance to glass works.

next 500 m, a first distinction was made between an inner (0-500 m dis-
tance from factory) and an outer area (500-1000 m distance). Of the annual
deposition, 65 % was assigned to the inner area and 35 % to the outer. Sec-
ond, we considered that the wind in the region blows mainly from south,
southwest and west (3/8 of a full circle) approximately 50 % of the time,
thus resulting in the majority of deposition towards the north, northeast
and east (Fig. 1a). The remaining 50 % of the time the wind comes from
the remaining 5/8 directions. The four residence scenarios are illustrated
in Fig. 1b, and can be summarized (with the approximate air volume (Va)
for each scenario is in the parenthesis):

Scenario 1 (S1). : In prevailing wind direction, 0-500 m (Va = 2.94E6
3
m°).

Scenario 2 (S2). : Against prevailing wind direction, 0-500 m (Va =
4.91E6 m®).

Scenario 3 (S3). : In prevailing direction, 500-1000 m (Va = 8.83E6 m>).

Scenario 4 (S4). : Against prevailing direction, 500-1000 m (Va = 14.7E6
3
m°).

The differences in Va means that each residence scenario was assigned
its own estimation of Cpp, when subjected to Eq. (1).

2.4. Risk assessment and calculation of hazard quotients

For metals that can both cause cancer and result in adverse non-cancer
effects, common practice is to assess the cancer risks and non-cancer risks
separately, usually by applying the US EPA methodology (USEPA, 1994;
USEPA, 2009; USEPA, 2011) and their proposed toxicity values. For inhala-
tion risks these toxicity values are expressed as reference concentrations for
non-cancer effects (RfCs), and as inhalation unit risks for cancer effects
(IURs). Several studies have assessed the cancer as well as non-cancer
risks for metals (including Pb) after inhalation (Ghasemi et al., 2020;
Goudarzi et al., 2018; Megido et al., 2017; Ramirez et al., 2020; Roy
et al., 2019). The situation for Pb is, however, a bit unusual. While the
non-cancer health effects associated with Pb exposure are well known,
some of these may occur at blood Pb levels so low as to be essentially with-
out the kind of threshold that is needed to set a reference dose or reference
concentration. That is why no RfC for Pb has been proposed under e.g. the
US EPA Integrated Risk Information System (IRIS) program (USEPA,
2022b), and also why both the European Food Safety Authority and
World Health Organization have withdrawn their previous values of toler-
able exposure levels for Pb with regards to non-cancer effects (EFSA, 2010;
WHO, 2010). When it comes to cancer risks, while inorganic lead is classi-
fied as probably carcinogenic to humans (Group 2A), the International
Agency for Research on Cancer (IARC) concludes in its assessment that
there is limited evidence in humans for the carcinogenicity of inorganic

Pb. Consequently, there is also no IUR set for Pb under the IRIS program.
An IUR value for Pb (1.2E-5) can be obtained from the Office of Environ-
mental Health Hazard Assessment (OEHHA, 2022), and this is the reference
value that is often used when cancer risks via inhalation is assessed (Megido
etal., 2017; Ramirez et al., 2020; Roy et al., 2019). However, when compar-
ing the IUR value of Pb to the IURs of e.g. As (3.3E-3 according to OEHHA)
and Cd (1.8E-3 in IRIS), the cancer risk is still relatively low for Pb.

Quantifying risks of Pb exposure is thus problematic, but presenting an
easily interpreted risk measure, such as a hazard quotient (HQ), can still be
a pedagogical tool. Since non-cancer effects are especially critical for Pb, we
only assessed how the historical changes in aerial Pb concentrations have
affected the risks for glassworks village residents through the calculation
of hazard quotients (HQs) for non-cancer risks according to Eq. (2). For in-
halation, this hazard quotient relates measured or modelled exposure con-
centrations in ambient air (EC, in e.g. ug/m>) to a health-based reference
concentration (RfC). The RfC represents the highest tolerable concentration
in inhalable air, at which no observable adverse effects are expected.

HQ = EC/RfC )

Since there is no RfC concentration established for Pb, we use the US na-
tional ambient air quality standard (NAAQS) as an approximation (USEPA,
2008). The NAAQS for Pb is set to 0.15 pg Pb/m°. The US EPA, which has
provided several guidance documents on assessing the risks of inhalable
contaminants (USEPA, 1994; USEPA, 2009), proposes that the exposure
concentration (EC) is set after adjusting the measured contaminant concen-
tration in air to the fraction of the time during which the exposure occurs. In
this study, where people in a worst-case scenario may be nearly constantly
exposed due to their residence being close to the point source, we don't re-
duce the EC values by assuming exposure during only a certain number of
hours per day, or days per year. Instead, we consider that only a limited
fraction of the residents' time is spent outdoors, and that Pb concentrations
in indoor air are lower than in outdoor air. The EC values used to calculate
HQs in this study were therefore calculated according to Eq. (3):

EC = ((Cpp * frout) + (Cpb * frin * fin)) (3)

The variable of Eq. (3) that differed between the four residence scenar-
ios was the concentration of airborne Pb in outdoor air (Cpp; pg Pb/m®). The
remaining variables were kept constant for all the evaluated scenarios.
Here, i, and f;;, are the average fractions of the time spent outdoors and
indoors per day. Data on average daily outdoor time (192 min) for adults
aged 16-64 years were retrieved from the US EPA Exposure Factors Hand-
book (USEPA, 2011). fy;, is the fraction of the airborne, inhalable concen-
tration found outside that can also be expected inside houses. An
assumption of 50 % (fgi, = 0.5) was made, according to the recommenda-
tion in the Swedish EPAs' generic risk assessment model for contaminated
sites (Swedish Environmental Protection Agency, 2009).



S. Alriksson et al.

2.5. Variations in population size around the glassworks

To assess the number of people potentially exposed to harmful levels of
airborne Pb over the 20th century, historical maps and aerial photographs
from the Swedish National Land Survey were reviewed. We counted the
number of houses within 1000 m from the glassworks sites included in
the study on the maps/photographs, and multiplied this figure by the aver-
age number of people in Swedish households during each time period (SCB,
1999; SCB, 2020a; SCB, 2020b). Since the first reliable maps from the re-
gion are from around 1940, this was the first time considered (economic
maps from 1941 to 1950). Thereafter new estimates were produced with
20-year intervals; thus, again for 1960 (photos from 1960), 1980 (economic
maps from 1978 to 1982) and 2000 (photographs from 2002 to 2003).

2.6. Present-day concentration of Pb in air for comparison

The historical Pb concentrations in air, estimated according to the meth-
odology described above, were compared to present-day concentrations of
Pb associated with airborne particles. Such particles were retrieved through
an air sampling campaign around 4 glassworks, of which two are still oper-
ational (Malerés, Bergdala) and two are closed (Orrefors, Afors). In the for-
mer case, airborne particles could derive both from production emissions
and after resuspension of soil/dust from the ground. Electricity was needed
for the sampling, and thus it was not possible to sample all ten glassworks
for practical reasons. Sampling of airborne particles <10 pm (PM;) was
conducted with two MicroVol 1100 low volume air samplers (EcoTech)
to retrieve 2 samples from each site. It was performed during April-June
in 2019, with a sample duration of 2 weeks at each site. The particulates
were captured on pre-weighed 47 mm mixed cellulose ester membrane fil-
ters using a flow of 3 L/min. The filters were thereafter acclimatized in a
room with a controlled temperature and humidity (24 °C and 55 % + 2
%) for 48 h before they were gravimetrically analyzed using a precision mi-
crobalance with a reading precision of 10 pg (Satorius Micro MC5 P). Dust
and filters were digested using HNO3 in a microwave before analysis of el-
emental composition by inductively-coupled plasma mass spectrometry
(ICP-MS, iCAP™ RQ: Thermo Fisher Scientific, Waltham, MA, USA)
(NIOSH, 2014).

Samples were analyzed against a multi-element standard (Spectrascan).
An internal standard containing scandium, rhodium, indium, and bismuth
with concentration of 1 ppm as well as a reference sample from the
Norwegian National Institute of Occupational Health (STAMI) were used
for quality control.

3. Results and discussion
3.1. Modelled 20th century Pb emissions to air

The modelled Pb emissions from the 10 glassworks, presented for 10-
year periods in Table 2, amounted to approximately 466,000 kg over the

entire 20th century. About 84 % originated from the three largest glass-
works, those in Kosta, Orrefors and Boda. After normalization of the data
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(Fig. 2) one can see that Pb emissions were fairly stable during the first 5
decades of the century and increased from the middle of the century until
the 1980s. The increase occurred mainly at the five largest glassworks,
namely Kosta, Orrefors, Boda, Pukeberg and Afors. Comparing the time pe-
riod 1941-50 and 1971-80 for these five sites, the Pb emissions increased
by a factor of 6.4 - from a total of 20.5 t to 132.0 t. The emissions from
the five smaller sites, on the other hand, only increased from 3.3 t alto-
gether during 1941-50 to 4.7 t in 1971-80.

After 1980, emissions clearly decreased. This was partly due to lower
production volumes, and partly due to adaptations for emission control.
Gas flue filters were installed at some sites, but the most common action
was to abandon the use of lead oxide as a raw material. The shut-down of
several facilities also contributed to the lower emissions. At Alsterbro,
Gadderas and Emmaboda, for example, production ceased already in
1969, 1967 and 1978, respectively. The factories with the highest Pb emis-
sions, however, remained active towards the end of the century. As a conse-
quence of these multiple contributing factors, the total estimated Pb
emissions from the 7 sites that were still active in 1991-2000 were only
10.8 t for the full period (Table 2), and emissions in year 2000 were only
about 10 % of those in 1991.

The Pb emissions in 1991 amounted to approximately 1.8 t according to
our calculations. This figure appears realistic when compared to the one
assessed by Statistics Sweden: 1.3 t of Pb to ambient air from Swedish glass-
works in 1990 (SCB, 2022). With 1.8 t of Pb emitted within a 1000 m radius
from 7 sites (over a total area of 22 km?), the average Pb deposition around
these glassworks equalled 81 kg/km?/yr in 1991. For the country as a
whole, with a total of 357 t Pb emitted to air at that time when
considering all sources of Pb emissions to air and not only glassworks
(SCB, 2022), the average deposition was about an order of magnitude
lower (0.79 kg/km?/yr).

During 1971-1980, when glassworks-related emissions peaked
(Table 2), our estimated Pb emissions corresponded to as much as 620
kg/km?/yr on average. So, while data on historical emissions from point
sources are both scarce and difficult to reconstruct, these rough estimations
still help point towards the high significance of the glasswork for 20th cen-
tury Pb emissions to air in Sweden.

3.2. Pb concentrations in air

Pb concentrations in air (ug Pb/m®) around the 10 investigated glass-
works sites, and for each of the investigated residence scenarios, are
given in Table 3. Concentrations that exceed the US national ambient air
quality standard (NAAQS) of 0.15 pg Pb/m? (USEPA, 2008) are marked
in red.

All Pb concentrations that were calculated for the four sites with lowest
emissions (Alsterbro, Bergdala, Gadderés and Emmaboda) were below the
NAAQS reference concentration, varying from 0.0000 to 0.14 ug Pb/m?
when considering the entire study period, and with an average value of
0.013 pg Pb/m®. The 20th century concentrations at Alsterbro and Bergdala
are all found towards the lower end of the concentration spans recently re-
ported for urban areas across Europe, but are clearly elevated compared to

Table 2
Total amounts of Pb (kg) emitted to air from the 10 investigated glassworks, given for 10-year periods during the 1900s.
Kosta Orre-fors Boda Puke-berg Afors Maéleras Alster-bro Berg-dala Gadde-rés Emma-boda Sum

Year 2000 21 125 6 n/a 11 12 n/a 1 n/a n/a 176
1991-2000 1361 6669 341 198 1879 244 n/a 69 n/a n/a 10,762
1981-1990 30,556 44,123 7518 1593 5998 2603 n/a 389 n/a 9 92,790
1971-1980 70,618 40,908 10,001 4446 6040 3505 n/a 1158 n/a 10 136,686
1961-1970 20,161 27,916 11,261 3850 5036 1829 1281 693 83 10 72,120
1951-1960 9882 15,492 7161 2301 1928 4142 889 593 84 10 42,482
1941-1950 8136 7487 3110 773 1017 2598 490 133 20 10 23,774
1931-1940 7551 5370 4072 2969 185 2574 349 103 122 10 23,304
1921-1930 7538 8243 6784 4574 319 2866 370 393 15 10 31,111
1911-1920 9355 6029 3388 2422 n/a 211 362 8 16 1 21,792
1901-1910 5153 4028 1791 75 n/a 70 162 n/a n/a n/a 11,279
Sum 170,310 166,265 55,428 23,201 22,401 20,642 3903 3540 341 70 466,101
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Fig. 2. Normalization of the data in Table 2 (20th century Pb emissions to air (kg/year) for the 10 study sites), i.e. rescaling the dataset into the range 0-1.

present-day background concentrations (Dimitriou and Kassomenos, 2017;
Gruszecka-Kosowska, 2018; Huremovi¢ et al., 2020; Peréz et al., 2008;
Rampazzo et al., 2008; Resongles et al., 2021; Terzi et al., 2010; Van Den
Heuvel et al., 2016). Present background concentrations in Sweden, in
rural environments without close-by point sources, are found in the range
of 0.001-0.003 pg Pb/m® (IVL, 2019). Studies from medium-sized cities
such as Thessaloniki (Terzi et al., 2010), Venice (Rampazzo et al., 2008),
Krakéw (Gruszecka-Kosowska, 2018), Sarajevo (Huremovié et al., 2020),
Dortmund and Bielefeld (Dimitriou and Kassomenos, 2017), Barcelona
(Peréz et al., 2008) and Antwerp (Van Den Heuvel et al., 2016), report av-
erage concentrations of Pb in PM, , particles of 0.01-0.09 ug/m?>, where the
higher figures of this interval derive from sites with high traffic loads. His-
torical Pb concentrations in air around the smaller glassworks are thus com-
parable to the levels found in urban areas today. High concentrations today
are mainly detected in the vicinity of point sources, such as mining sites,
where e.g. a study by Serbula et al. (2017) reported mean lead concentra-
tions of 0.2 pg/m>, and in megacities of developing countries, where an
often-highlighted example is the Delhi metropolitan area with Pb concen-
trations in air frequently found to be above 0.5 pg/m3 (Shen et al., 2016).
But even though there are some examples where high Pb concentrations
in air can still be found, the occurrence of Pb in urban air was obviously sig-
nificantly higher prior to the ban on leaded gasoline, where the phase-out
was completed in most countries at the turn of the millennium (Tong
et al., 2000). Taking London as a European example, Resongles et al.
(2021) sum up the development by describing how average Pb concentra-
tions at central London background sites were around 0.5-0.6 pg/m®
prior to the ban on leaded gasoline in the early 1980s, but that Pb concen-
trations thereafter have decreased to about 0.02 pg/m? in year 2000 and
now, about two decades later, typically are found around 0.01 pg/m?>. In
Helsinki too similar concentrations of Pb were reported before the Pb gaso-
line ban; 0.3 pg/m?> for the years 1964-1977 (Mattsson and Jaakkola,
1979). So, the past exposure to airborne Pb for people living in the glass-
works villages of Alsterbro, Bergdala, Gadderas and Emmaboda should
have been moderate relative to what urban populations have experienced,
even when glass production was flourishing there.

The calculated values for the six glassworks with the highest Pb emis-
sions, on the other hand (Kosta, Orrefors, Boda, Pukeberg, fo\fors, Méleras),
frequently exceeded the US EPA standard of 0.15 ug Pb/m> (USEPA, 2008)
over the past century (Table 3). From the beginning of the century and until
~1990, all the concentrations calculated for the two 0-500 m scenarios (S1
+ S2) at the three largest factories (Kosta, Orrefors, Boda) exceeded this air
quality standard, ranging from 0.16 to 7.5 pg Pb/m?>, with an average of 1.2
png/m>. Concentrations were lower over the same time period and scenarios
at Pukeberg, Afors and Milergs, although 59 % of the figures exceeded the
air quality standard here too (Table 3). Values ranged from 0.0064 to 0.64
ng Pb/m?, with an average value of 0.22 pg/m?. During the 1970s, where

the emissions peaked, the average concentration for scenario 1 (residence
in the main wind direction and within 500 m from the factory) around
Kosta, Orrefors, Boda was 4.1 g Pb/m® and around Pukeberg, Afors and
Maéleras 0.49 pg/m°. In the former case, the concentration was about 400
times the present-day concentrations in urban European regions, and e.g.
10 times the concentrations in London before the phasing-out of leaded gas-
oline. Thus, the historical Pb concentrations in air surrounding the larger
crystal-producing glassworks were exceptionally high. The problem is,
however, mainly a historical one. At none of the sites did the assessed Pb
concentrations in air exceed the 0.15 pg Pb/m? standard in year 2000
(Table 3), although concentrations at all open factories except Bergdala
were still higher than in remote areas without any industrial activity in
Sweden (0.001-0.003 pg Pb/m3; (IVL, 2019)). The complementary
measurements of PM;-Pb in air around Mélerés, Orrefors, Bergdala
and Afors in 2019 (upper results row of Table 3), implied that concen-
trations had decreased further by year 2019. Recent collection and anal-
yses of airborne particles were also performed at a still active glassworks
site in Venice, Italy (Rossini et al., 2010). This study found considerably
higher concentrations, around 0.009-2.420 pg Pb/m?>, than those found
in our study.

3.3. Pb inhalation risks

The hazard quotients (HQs) related to non-cancer risks after inhalation
of Pb particles are shown for all glassworks and residence scenarios in
Table 4. The lowest inhalation HQs of the century, consistently below 1
for all sites and scenarios and ranging from 0.00 to 0.50, were found for
the last year evaluated (year 2000). Table 4 further indicates that the
risks following inhalation is — and has been - low in comparison to the
risks via dietary exposure. In Table 4, inhalation HQs that exceed the aver-
age dietary HQ are marked in red. This dietary HQ, estimated to 0.16 on av-
erage, was calculated as the ratio of the average dietary exposure in the
glassworks villages to a reference dose for oral exposure (RfD), i.e. accord-
ing to the same principle as outlined in Eq. (2). The median dietary Pb in-
take via vegetables, fruits, berries and mushrooms has been estimated to
0.046 pg/kg/day (Augustsson et al., 2018), and to 0.035 pg/kg/day via
consumption of drinking water from private wells (Augustsson et al.,
2016); thus, about 0.08 pg/kg/day in total. This dietary exposure value
was then divided with a toxicological reference value via oral exposure of
0.50 pg/kg/day to reach the average HQ of 0.16. While the previous toler-
able daily intake of 3.6 pg Pb/kg/day from WHO (1993) has been with-
drawn (EFSA, 2010; WHO, 2010), and a new tolerable intake has not
been established due to the abovementioned difficulties in defining a
threshold dose, the lowest derived benchmark dose, BMDLy,, following di-
etary Pb exposure found in the review by EFSA (EFSA, 2010) was used as an
approximation of a RfD.
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Table 3

Concentrations of PM; o-Pb in air (ug/m®) around the 10 investigated glassworks, for the 4 assessed residence
scenarios (S1-S4). S1 = residence in the prevailing wind direction and at a distance of 0-500 m from the
glass works. S2 = against prevailing wind direction at 0-500 m distance. S3 = in prevailing wind direction
at 500-1000 m distance, and S4 = against prevailing wind direction at 500-1000 m distance. Average Pb
concentrations are based on data only from the glassworks that were running during each specific time pe-
riod. Periods without production are marked as not applicable (n/a) in the table. The red figures show con-
centrations that exceed the US national ambient air quality standard (NAAQS) of 0.15 pg Pb/m? in total
suspended air particles (USEPA, 2008).

Kosta Orrefors Boda Pukeberg | Afors Maleras Bergdala ] Average
Measured in 0.049* 0.001* 0.015* 0.003*
2019 (closed) (closed) (running) (running)
Year2000 S1 | 0.022 0.13 0.0061 | n/a 0.012 0.013 n/a 0.0011 n/a n/a 0.031
s2 0.013 0.079 0.0036 n/a 0.0072 0.0076 n/a 0.0006 n/a n/a 0.019
s3 0.0040 0.024 0.0011 n/a 0.0022 0.0023 n/a 0.0002 n/a n/a 0.0056
s4 0.0024 0.014 0.0007 | n/a 0.0013 0.0014 n/a 0.0001 n/a n/a 0.0034
1991-2000 S1 | 0.14 0.71 0.036 0.021 0.20 0.026 n/a 0.0073 n/a n/a 0.16
s2 0.087 0.42 0.022 0.013 0.12 0.016 n/a 0.0044 n/a n/a 0.098
s3 0.026 0.13 0.0065 | 0.0038 0.036 0.0046 n/a 0.0013 n/a n/a 0.029
s4 0.016 0.076 0.0039 0.0023 0.022 0.0028 n/a 0.0008 n/a n/a 0.018
1981-1990 S1 32 4.7 0.80 0.17 0.64 0.28 n/a 0.041 n/a 0.0010 iz
s2 1.9 2.8 0.48 0.10 0.38 0.17 n/a 0.025 n/a 0.0006 0.74
s3 0.58 0.84 0.14 0.030 0.11 0.050 n/a 0.0074 n/a 0.0002 0.22
s4 0.35 0.50 0.086 0.018 0.069 0.030 n/a 0.0044 n/a 0.0001 0.13
1971-1980 S1 75 4.3 L1l 0.47 0.64 0.37 n/a 0.12 n/a 0.0011 1.8
s2 4.5 2.6 0.64 0.28 0.38 0.22 n/a 0.074 n/a 0.0006 11
s3 13 0.78 0.19 0.085 0.12 0.067 n/a 0.022 n/a 0.0002 033
sS4 0.81 0.47 0.11 0.051 0.069 0.040 n/a 0.013 n/a 0.0001 0.20
1961-1970 S1 | 2.1 3.0 12 041 0.53 0.19 0.14 0.074 0.0088 0.0011 0.77
Ss2 13 1.8 0.72 0.25 0.32 0.12 0.082 0.044 0.0053 0.0006 0.46
s3 0.38 0.53 0.21 0.073 0.096 0.035 0.024 0.013 0.0016 0.0002 0.14
s4 0.23 0.32 0.13 0.044 0.058 0.021 0.015 0.0079 0.0009 0.0001 0.082
1951-1960 S1 1.0 16 0.76 0.24 0.20 0.44 0.094 0.063 0.0089 0.0011 0.45
s2 0.63 0.99 0.46 0.15 0.12 0.26 0.057 0.038 0.0054 0.0006 0.27
s3 0.19 0.30 0.14 0.044 0.037 0.079 0.017 0.011 0.0016 0.0002 0.081
s4 0.11 0.18 0.082 0.026 0.022 0.047 0.010 0.0068 0.0010 0.0001 0.049
1941-1950 S1 0.86 0.79 033 0.082 0.11 0.28 0.052 0.014 0.0022 0.0011 0.25
s2 0.52 0.48 0.20 0.049 0.065 0.17 0.031 0.0084 0.0013 0.0006 0.15
s3 0.15 0.14 0.059 0.015 0.019 0.050 0.0093 0.0025 0.0004 0.0002 0.045
s4 0.093 0.086 0.036 0.0088 0.012 0.030 0.0056 0.0015 0.0002 0.0001 0.027
1931-1940 S1 0.80 0.57 0.43 031 0.020 0.27 0.037 0.011 0.013 0.0011 0.25
s2 0.48 0.34 0.26 0.19 0.012 0.16 0.022 0.0066 0.0078 0.0006 0.15
s3 0.14 0.10 0.078 0.057 0.0035 0.049 0.0066 0.0020 0.0023 0.0002 0.044
s4 0.086 0.061 0.047 0.034 0.0021 0.029 0.0040 0.0012 0.0014 0.0001 0.027
1921-1930 S1 0.80 0.87 0.72 0.49 0.034 0.30 0.039 0.042 0.0016 0.0011 033
s2 0.48 0.52 0.43 0.29 0.020 0.18 0.024 0.025 0.0009 0.0006 0.20
s3 0.14 0.16 0.13 0.087 0.0061 0.055 0.0071 0.0075 0.0003 0.0002 0.059
s4 0.086 0.092 0.078 0.052 0.0036 0.033 0.0042 0.0045 0.0002 0.0001 0.036
1911-1920 S1 | 0.99 0.64 0.36 0.26 n/a 0.022 0.038 0.0008 0.0017 0.0001 0.26
s2 0.60 0.38 0.22 0.15 n/a 0.013 0.023 0.0005 0.0010 0.0001 0.15
s3 0.18 0.11 0.065 0.046 n/a 0.0040 0.0069 0.0001 0.0003 0.0000 0.046
s4 0.11 0.069 0.039 0.028 n/a 0.024 0.0041 0.0001 0.0002 0.0000 0.028
1901-1910 S1 | 0.78 0.61 0.27 0.011 n/a 0.011 0.025 n/a n/a n/a 0.28
s2 0.47 0.37 0.16 0.0068 n/a 0.0064 0.015 n/a n/a n/a 0.17
s3 0.14 0.11 0.049 0.0020 n/a 0.0019 0.0044 n/a n/a n/a 0.051
sS4 0.084 0.066 0.029 0.0012 n/a 0.0011 0.0027 n/a n/a n/a 0.031

#PM;o-Pb measured in 2019.
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Table 4

HQs via inhalation. Inhalation HQs > HQs via intake of local vegetables and drinking water from private wells,
where the average HQ is 0.16, are marked in red. Values <0.01, i.e. where HQs are <1 % of the RfC, are rounded
to 0.00. Periods without production are marked as not applicable (n/a).

Kosta Orrefors Boda Pukeberg | Afors | Maleras Alsterbro Bergdala Gadderas Emmaboda
Year 2000 S1 0.08 0.50 0.02 n/a 0.05 0.05 n/a 0.00 n/a n/a
Ss2 0.05 0.30 0.01 n/a 0.03 0.03 n/a 0.00 n/a n/a
Ss3 0.02 0.09 0.00 n/a 0.01 0.01 n/a 0.00 n/a n/a
s4 | 0.01 0.05 0.00 n/a 0.00 0.01 n/a 0.00 n/a n/a
1991-2000 S1 | 0.55 2.7 0.14 0.08 0.75 0.10 n/a 0.03 n/a n/a
s2 0.33 16 0.08 0.05 0.45 0.06 n/a 0.02 n/a n/a
S3 0.10 0.48 0.05 0.01 0.14 0.02 n/a 0.00 n/a n/a
S4 | 0.06 0.29 0.01 0.01 0.08 0.01 n/a 0.00 n/a n/a
1981-1990 S1 | 12 18 3.0 0.64 2.4 1.0 n/a 0.16 n/a 0.00
Ss2 7.4 11 1.8 0.38 14 0.63 n/a 0.09 n/a 0.00
S3 2.2 3.2 0.54 0.11 0.43 0.19 n/a 0.03 n/a 0.00
s4 | 13 1.9 0.32 0.07 0.26 0.11 n/a 0.02 n/a 0.00
1971-1980 S1 28 16 4.0 1.8 24 1.4 n/a 0.46 n/a 0.00
s2 17 10 24 11 1.5 0.84 n/a 0.28 n/a 0.00
Ss3 5.1 29 0.72 0.32 0.43 0.25 n/a 0.08 n/a 0.00
s4 | 3.1 1.8 0.43 0.19 0.26 0.15 n/a 0.05 n/a 0.00
1961-1970 S1 8.1 11 4.5 i3 2.0 0.73 0.51 0.28 0.03 0.00
Ss2 4.9 6.7 2.7 0.93 1.2 0.44 0.31 0.17 0.02 0.00
$3 | 15 2.0 0.81 0.28 0.36 0.13 0.09 0.05 0.01 0.00
sS4 0.87 12 0.49 0.17 0.22 0.08 0.06 0.03 0.00 0.00
1951-1960 S1 4.0 6.2 28 0.92 0.77 il.7/ 0.36 0.24 0.03 0.00
Ss2 24 3.7 1.7 0.55 0.46 1.0 0.21 0.14 0.02 0.00
S3 0.71 1.1 0.52 0.17 0.14 0.30 0.06 0.04 0.01 0.00
sS4 0.43 0.67 0.31 0.10 0.08 0.18 0.04 0.03 0.00 0.00
1941-1950 S1 33 3.0 .3 0.31 0.41 1.0 0.20 0.05 0.01 0.00
s2 |20 1.8 0.75 0.19 0.24 0.62 0.12 0.03 0.00 0.00
Ss3 0.59 0.54 0.22 0.06 0.07 0.19 0.04 0.01 0.00 0.00
sS4 0.35 0.32 0.13 0.03 0.04 0.11 0.02 0.01 0.00 0.00
1931-1940 S1 | 3.0 22 1.6 1.2 0.07 1.0 0.14 0.04 0.05 0.00
s2 |18 13 0.98 0.71 0.04 0.62 0.08 0.02 0.03 0.00
Ss3 0.54 0.39 0.29 0.21 0.01 0.19 0.03 0.01 0.01 0.00
sS4 0.33 0.23 0.18 0.13 0.01 0.11 0.02 0.00 0.01 0.00
1921-1930 S1 | 3.0 43 2.7 1.8 0.13 1.2 0.15 0.16 0.01 0.00
S2 1.8 2.0 1.6 1.1 0.08 0.69 0.09 0.09 0.00 0.00
S3 0.54 0.59 0.49 0.33 0.02 0.21 0.03 0.03 0.00 0.00
sS4 0.33 0.36 0.29 0.20 0.01 0.12 0.02 0.02 0.00 0.00
1911-1920 S1 | 3.8 24 14 0.97 n/a 0.08 0.15 0.00 0.01 0.00
s2 2.3 15 0.81 0.58 n/a 0.05 0.09 0.00 0.00 0.00
S3 0.67 0.43 0.24 0.17 n/a 0.02 0.03 0.00 0.00 0.00
sS4 | 0.40 0.26 0.15 0.10 n/a 0.01 0.02 0.00 0.00 0.00
1901-1910 S1 3.0 2.3 1.0 0.04 n/a 0.04 0.09 n/a n/a n/a
S2 1.8 1.4 0.62 0.03 n/a 0.02 0.06 n/a n/a n/a
Ss3 0.53 0.41 0.18 0.01 n/a 0.01 0.02 n/a n/a n/a
sS4 0.32 0.25 0.11 0.00 n/a 0.00 0.01 n/a n/a n/a
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Fig. 3. Historical variation in hazard quotients (HQs) around the 6 largest
glassworks factories, together with the total number of persons residing within
1000 m from these factories in the years 1940, 1960, 1980 and 2000.

Considering the entire study period, inhalation HQs exceed the dietary
HQ by many orders of magnitude for the major part of the 20th century.
Fig. 3 shows the worst-case scenario (S1) for the six glassworks with the
highest Pb emissions.

3.4. Exposure and population size

Fig. 3 also shows how the historical variations in HQ (left y axis) covary
with the total population residing within 1 km of the 10 glassworks inves-
tigated in this study, assessed for the years 1940, 1960, 1980 and 2000
(right y axis). By 1940, when the total production and HQs were still low,
there were about 6800 persons living in the glass works villages. In 1980,
soon after the peak of production, the number of persons had increased to
approximately 9800, and in the year 2000 there were only about 5500 left.

That the regional population decreased along with the glass production
has also been described by Borgegérd et al. (1995). This was, however,
probably not only due to reduced employment numbers at the glass facto-
ries. Both the public and service sectors were centralized in Sweden during
the 1980s, and this led to people moving from rural to urban areas
(Hedlund and Lundholm, 2015). The same trend in decreased rural popula-
tions at this time was also seen in, for example, mining villages in northern
Sweden (Carson et al., 2020), and in many other countries too, for example
in Ireland (Cawley, 1994), Australia (Carson et al., 2016), France (Laménie,
2016), and the USA (Johnson and Lichter, 2019).

4. Conclusion

Since the risks associated with environmental pollutants depend on the
dose presented to the exposed individuals, knowledge of the historical ex-
posure can provide input that is valuable from several perspectives. There
is, however, still a lack of studies that examine how exposure has changed
for people that reside near pollution point sources. This study is unique in
that it does just that. It uses the annual volumes of used raw material (Pb
oxide) at 10 glassworks sites in south-eastern Sweden, extracted from na-
tional archives, as input in a model to simulate Pb emissions to air around
these glassworks for the entire 20th century, and thereafter assesses
changes in inhalation exposure and hazard quotients (HQs). What the
study shows is that:

- Lead emissions to air were moderate for the first part of the century but
started to increase in the 1960s. They peaked during the 1970s, with
emissions from the six largest factories amounting to between 3500
and 70,700 kg Pb. These emissions correspond to average concentra-
tions in air of between 0.37 and 7.5 pg Pb/m?>, which is between 2.5
and 50 times the present US national ambient air quality standard
(0.15 pg Pb/m®).

- By the year 2000 the modelled concentrations around the

Science of the Total Environment 858 (2023) 159843

abovementioned six factories had dropped to between 0.012 and 0.13
ug Pb/m?>. Thus, over approximately 20 years the Pb concentrations in
air went from exceptionally high to a level that is normal for urban re-
gions today. The PM;, measurements from 2019 indicate a further de-
cline, with a mean value of 0.02 pg Pb/m>.
- The highest emissions, and highest exposure levels, coincided with the
time period with the highest number of residents in the glassworks vil-
lages. Thus, not only was the risk higher in the past, more people were
also subjected to this risk.
Over the entire 20th century the non-cancer risks were associated with
inhalation, expressed as hazard quotients (HQs), to a much greater ex-
tent than the dietary HQs. While inhalation was the more prevalent ex-
posure pathway in the past, both pathways are nowadays judged to be
associated with low exposures and risks.

Using archives as a data source has its limitations, both in terms of data
availability and in terms of reliability. As a result, it is inevitable that the
emissions will be overestimated for some years and underestimated for
others. Over the whole century though, the estimated emissions should
be roughly correct, validated with a few measurements also found in the
local archives. Even if the applied methodology can only provide a rough
estimate of the historical Pb emissions to air and subsequent exposure, its
strength is that it presents a fairly straightforward approach to illustrate
past conditions. Information about how past exposures compare to the
present-day situation can be useful, for example, when risks are to be com-
municated to worried residents or to people thinking of moving to a con-
taminated area. A picture of the historical exposure can also increase our
understanding of the connection between exposure and disease.

CRediT authorship contribution statement

Anna Augustsson: Conceptualization; Methodology; Formal analysis; In-
vestigation; Writing (original draft); Writing (review and editing); Visuali-
zation; Supervision; Project administration; Funding acquisition.

Stina Alriksson: Conceptualization; Methodology; Formal analysis; In-
vestigation; Writing (original draft); Writing (review and editing); Visuali-
zation; Supervision.

Elin Voxberg: Formal analysis; Investigation; Writing (original draft).

Helen Karlsson: Investigation; Writing (review and editing).

Stefan Ljunggren: Investigation; Writing (review and editing).

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare the following financial interests/personal relation-
ships which may be considered as potential competing interests: Anna
Augustsson reports financial support was provided by Crafoord Founda-
tion.

Acknowledgements

This project was funded by the Crafoord foundation (contract
20180574), the Kamprad Family foundation (ref nr 20150046), and the
Faculty of Health and Life Sciences at Linnaeus University in Kalmar,
Sweden.

References

Alexandersson, H., 2006. Vindstatistik for Sverige 1961-2004. SMHI. SMHI, p. 7.

Augustsson, A., Uddh-Séderberg, T., Hogmalm, J., Filipsson, M., 2015. Metal uptake by home-
grown vegetables - the relative importance in human health risk assessments at contam-
inated sites. Environ. Res. 138, 181-190. https://doi.org/10.1016/j.envres.2015.01.020.


http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271128597288
https://doi.org/10.1016/j.envres.2015.01.020

S. Alriksson et al.

Augustsson, A., Uddh Soderberg, T., Jarsjo, J., f\strém, M., Olofsson, B., Balfors, B., et al.,
2016. The risk of overestimating the risk-metal leaching to groundwater near contami-
nated glass waste deposits and exposure via drinking water. Sci. Total Environ.
566-567, 1420-1431. https://doi.org/10.1016/j.scitotenv.2016.06.003.

Augustsson, A., Uddh-Soderberg, T., Filipsson, M., Helmfrid, I., Berglund, M., Karlsson, H., et
al., 2018. Challenges in assessing the health risks of consuming vegetables in metal-
contaminated environments. Environ. Int. 113, 269-280. https://doi.org/10.1016/j.
envint.2017.10.002.

Borgegérd, L.-E., Hakansson, J., Malmberg, G., 1995. Population redistribution in Sweden:
long term trends and contemporary tendencies. Geogr. Ann. Ser. B 77, 31-45. https://
doi.org/10.2307/490373.

Cao, S., Duan, X., Zhao, X., Chen, Y., Wang, B., Sun, C., et al., 2016. Health risks of children's
cumulative and aggregative exposure to metals and metalloids in a typical urban environ-
ment in China. Chemosphere 147, 404-411. https://doi.org/10.1016/j.chemosphere.
2015.12.134.

Carlsson, D., 1984. Tungmetallimmissioner vid Orrefors glasbruk - resultat fran
mossundersokningen 1984. C-son Consult AB.

Carson, D.B., Carson, D.A., Porter, R., Yoshida Ahlin, C., Skold, P., 2016. Decline, adaptation
or transformation: new perspectives on demographic change in resource peripheries in
Australia and Sweden. Comp. Popul. Stud. 41, 379-406. https://doi.org/10.12765/
CP0S-2016-11en.

Carson, D., Nilsson, L., Carson, D., 2020. The mining resource cycle and settlement demogra-
phy in Mald, Northern Sweden. Polar Rec. 56, 1-13. https://doi.org/10.1017/
50032247420000200.

Carugno, M., Consonni, D., Bertazzi, P.A., Biggeri, A., Baccini, M., 2017. Temporal trends of
PM10and its impact on mortality in Lombardy,Italy. Environ. Pollut. 227, 280-286.
https://doi.org/10.1016/j.envpol.2017.04.077.

Cawley, M.E., 1994. Desertification: measuring population decline in rural Ireland. J. Rural.
Stud. 4, 395-407. https://doi.org/10.1016,/0743-0167(94)90049-3.

CCME, 2006. A Protocol for the Derivation of Environmental and Human Health Soil Quality
Guidelines. Canadian Council of Ministers of the Environment.

Coudon, T., Nguyen, C.V., Volta, P., Grassot, L., Couvidat, F., Soulhac, L., et al., 2021. Retro-
spective modeling of NO2 and PM10 concentrations over the Lyon Metropolitan Area
(France), 1990-2010—performance evaluation, exposure assessment and correlation be-
tween pollutants. Atmosphere 12, 239. https://doi.org/10.3390/atmos12020239.

Council of the European Union, 1969. Council Directive of 15 December 1969 on the Approx-
imation of the Laws of the Member States Relating to Crystal Glass. 69/493/EEC. 69/
493/EEC. Council of the European Union.

Creely, K.S., Cowie, H., Van Tongeren, M., Kromhout, H., Tickner, J., Cherrie, J.W.,
2007. Trends in inhalation exposure—a review of the data in the published scientific
literature. Ann. Occup. Hyg. 51, 665-678. https://doi.org/10.1093/annhyg/
memO050.

Daggupaty, S.M., Banic, C.M., Cheung, P., Ma, J., 2008. Numerical simulation of air concen-
tration and deposition of particulate metals around a copper smelter in northern
QuébecCanada. Geochem. Explor. Environ. Anal. 6, 139. https://doi.org/10.1144/
1467-7873/05-094.

Dimitriou, K., Kassomenos, P., 2017. Airborne heavy metals in two cities of North Rhine West-
phalia — performing inhalation cancer risk assessment in terms of atmospheric circula-
tion. Chemosphere 186, 78-87. https://doi.org/10.1016/j.chemosphere.2017.07.138.

Dolk, H., Vrijheid, M., Armstrong, B., Abramsky, L., Bianchi, F., Garne, E., et al., 1998. Risk of
congenital anomalies near hazardous-waste landfill sites in Europe: the EUROHAZCON
study. Lancet 352, 423-427. https://doi.org/10.1016/50140-6736(98)01352-X.

EFSA, 2010. Scientific opinion on lead in food. EFSA J. 8, 1570. https://doi.org/10.2903/j.
efsa.2010.1570.

Esmen, N., Corn, M., 1971. Residence time of particles in urban air. Atmos. Environ. 5,
571-578. https://doi.org/10.1016/0004-6981(71)90113-2.

Ghasemi, F.F., Dobaradaran, S., Saeedi, R., Nabipour, 1., Nazmara, S., Abadi, D.R.V., et al.,
2020. Levels and ecological and health risk assessment of PM2.5-boundheavy metals in
the northern part of the Persian Gulf. Environ. Sci. Pollut. Res. 27, 5305-5313. https://
doi.org/10.1007/5s11356-019-0727.

Glorennec, P., Lucas, J.P., Mercat, A.C., Roudot, A.C., Le Bot, B., 2016. Environmental and di-
etary exposure of young children to inorganic trace elements. Environ. Int. 97, 28-36.
https://doi.org/10.1016/j.envint.2016.10.009.

Goudarzi, G., Alavi, N., Geravandi, S., Idani, E., Behrooz, H.R.A., Babaei, A.A., et al., 2018.
Health risk assessment on human exposed to heavy metalsin the ambient air PM10in
Ahvaz, Southwest Iran. Int. J. Biometeorol. 62, 1075-1083. https://doi.org/10.1007/
s00484-018-1510-x.

Gruszecka-Kosowska, A., 2018. Assessment of the Krakow inhabitants’health risk caused by
the exposure to inhalation of outdoor air contaminants. Stoch. Env. Res. Risk A. 32,
485-499. https://doi.org/10.1007 /s00477-016-1366-8.

Hagner, M., Romantschuk, M., Penttinen, O.P., Egfors, A., Marchand, C., Augustsson, A.,
2018. Assessing toxicity of metal contaminated soil from glassworks sites with a battery
of biotests. Sci. Total Environ. 613-614, 30-38. https://doi.org/10.1016/j.scitotenv.
2017.08.121.

Hedlund, M., Lundholm, E., 2015. Restructuring of rural Sweden e Employment transition
and outmigration of three cohorts born 1945-1980. J. Rural. Stud. 42, 123-132.
https://doi.org/10.1016/j.jrurstud.2015.10.006.

Hellstr6m, L., Persson, B., Brudin, L., Grawé, K., Oborn, L., Jérup, L., 2007. Cadmium exposure
pathways in a population living near a battery plant. Sci. Total Environ. 373, 447-455.
https://doi.org/10.1016/j.scitotenv.2006.11.028.

Helmfrid, I., Ljunggren, S., Nosratabadi, R., Augustsson, A., Filipsson, M., Fredrikson, M., et
al., 2019. Exposure of metals and PAH through local foods and risk of cancer in a histor-
ically contaminated glassworks area. Environ. Int., 131 https://doi.org/10.1016/j.envint.
2019.104985.

Huremovi¢, J., Zero, S., Bubalo, E., Daci¢, M., Celikovié, A., Musi¢, L, et al., 2020. Analysis of
PM10, Pb, Cd, and Ni atmospheric concentrations during domestic heating season in

10

Science of the Total Environment 858 (2023) 159843

Sarajevo, Bosnia and Herzegovina, from 2010 to 2019. Air Qual. Atmos. Health 13,
965-976. https://doi.org/10.1007/s11869-020-00852-4.

IVL, 2019. Tungmetaller i luft. IVL. https://www3.ivl.se/db/plsql/dvsmetl$b1.querylist.

Johnson, K.M., Lichter, D.T., 2019. Rural depopulation: growth and decline processes over the
past century. Rural. Sociol. 84, 3-27. https://doi.org/10.1111/ruso.12266.

Kaijser, C., Fogelberg, S., 1922. Sveriges smaglasindustri. PA Norstedt & soner, Stockholm.

Kalmar County Administrative Board, 2019. Prioriteringslista ver férorenade omréaden i Kal-
mar lan. Lansstyrelsen i Kalmar l4n, Kalmar.

Kasper, A., Berg, A.-D., Carduck, E., Manges, M., Stadelmann, H., Klinkers, J., 2007. Glass Fur-
nace Emissions: Findings in the Flue Gas Downstream EP. DustConference 2007, Maas-
tricht, NL.

Khaniabadi, Y.O., Sicard, P., Taiwo, A.M., De Marco, A., Esmaeili, S., Rashidi, R., 2018.
Modeling of particulate matter dispersion from a cement plant: upwind-downwind case
study. J. Environ. Chem. Eng. 6, 3104-3110. https://doi.org/10.1016/j.jece.2018.04.
022.

Koh, D.-H., Nam, J.-M., Graubard, B.I., Chen, Y.-C., Locke, S.J., Friesen, M.C., 2014. Evaluat-
ing temporal trends from occupational lead exposure data reported in the published liter-
ature using meta-regression. Ann. Occup. Hyg. 58, 1111-1125. https://doi.org/10.1093/
annhyg/meu061.

Kromhout, H., Vermeul, R., 2000. Long-term trends in occupational exposure: arethey real?
What causes them? What shall we do with them? Ann. Occup. Hyg. 44, 325-327.
https://doi.org/10.1093/annhyg/44.5.325.

Kronoberg County Administrative Board, 2019. Prioriteringslista ver fororenade omréden i
Kronobergs ldn. Léansstyrelsen i Kronobergs ldn, Vixjo.

Laménie, B., 2016. The combined effects of demographic and economic decline in industrial
regions: what are prospects with the metropolization? The example of the Ardennes.
Espace Popul. Soc. https://doi.org/10.4000/eps.6222 2015/3-2016/1.

Larsson, S., Bergbéck, B., Eklund, M., Lohm, U., 1999. Historical emissions from Swedish
crystal-glass production and future scenarios of soil lead pollution. Environ. Rev. 7,
53-60. https://doi.org/10.1139/a99-006.

Li, J., Chen, B., Sdnchez de la Campa, A.M., Alastuey, A., Querol, X., de la Rosa, J.D., 2018.
2005-2014 trends of PM10 source contributions in an industrialized area of southern
Spain. Environ. Pollut. 236, 570-579. https://doi.org/10.1016/j.envpol.2018.01.101.

Lijzen, J., Baars, A,, Otte, P., Rikken, M., Swartjes, F., Verbruggen, E., et al., 2001. Technical
Evaluation of the Intervention Values for Soil/sediment and Groundwater. PBL
Nederlands Environmental Assessment Agency.

Magnusson, J., 1988. Glas. Glasets egenskaper och tillverkning. Utbildningsforlaget,
Stockholm.

Mattsson, R., Jaakkola, T., 1979. An analysis of Helsinki air 1962 to 1977 based on trace
metals and radionuclides. Geophysica 16, 1-42.

Megido, L., Sudrez-Pena, B., Negral, L., Castrillon, L., Ferndndez-Nava, Y., 2017. Suburban air
quality: human health hazard assessment of potentially toxic elements in PM10.
Chemosphere 177, 284-291. https://doi.org/10.1016/j.chemosphere.2017.03.009.

NIOSH, 2014. NIOSH Manual of Analytical Methods. 5th edition. Elements by ICP (Micro-
wave Digestion), Method 7302. NIOSH.

Nordberg, G.E., Fowler, B.E., Nordberg, M., 2015. Volume I: General Considerations. Aca-
demic Press Inc, London.

Nordstrom, O., 1999. Forteckning 6ver glasbruk och hyttor i Sverige 1150-2000. Glasteknisk
tidskrift. 54, pp. 77-84.

Nyaqvist, F., Helmfrid, I., Augustsson, A., Wingren, G., 2017. Increased cancer incidence in the
local population around metal-contaminated glassworks sites. J. Occup. Environ. Med.
59, e84-90. https://doi.org/10.1097/JOM.0000000000001003.

OEHHA, 2022. Lead and Lead Compounds. https://oehha.ca.gov/chemicals/lead-and-lead-
compounds.

Olstrup, H., Forsberg, B., Orru, H., Spanne, M., Nguyen, H., Molnér, P., et al., 2018. Trends in
air pollutants and health impacts in three Swedishcities over the past three decades.
Atmos. Chem. Phys. 18, 15705-15723. https://doi.org/10.5194/acp-18-15705-2018.

Peréz, N., Pey, J., Querol, X., Alastuey, A., Lépez, J., Viana, M., 2008. Partitioning of major
and trace components in PM10-PM2.5-PM1 at an urban site in Southern Europe.
Atmos. Environ. 42, 1677-1691. https://doi.org/10.1016/j.atmosenv.2007.11.034.

Rahman, M., Ng, J., Naidu, R., 2009. Chronic exposure of arsenic via drinking water and its
adverse health impacts on humans. Environ. Geochem. Health 31, 189-200. https://
doi-org.proxy.Inu.se/10.1007 /s10653-008-9235-0.

Ramirez, O., Sanchez de la Campa, A.M., Sanchez-Rodas, D., de la Rosa, J.D., 2020. Hazard-
ous trace elements in thoracic fraction of airborne particulate matter: assessment of tem-
poral variations, sources, and health risks in a megacity. Sci. Total Environ. 710, 136344.
https://doi.org/10.1016/j.scitotenv.2019.136344.

Rampazzo, G., Masiol, M., Visin, F., Pavoni, B., 2008. Gaseous and PM10-bound pollutants
monitored in three sites with differing environmental conditions in the Venice area
(Italy). Water Air Soil Pollut. 195, 161-176. https://doi.org/10.1007/s11270-008-
9735-7.

Resongles, E., Dietze, V., Green, D.C., Harrison, R.M., Ochoa-Gonzalez, R., Tremper, A.H., et
al., 2021. Strong evidence for the continued contribution of lead deposited during the
20th century to the atmospheric environment in London of today. PNAS 118,
€2102791118. https://doi.org/10.1073/pnas.2102791118.

Rossi, C., Poli, P., Buschini, A., Cassoni, F., Cattani, S., DeMunari, E., 1995. Comparative
investigations among meteorological conditions, air chemical-physical pollutants
and airborne particulate mutagenicity: a long-term study (1990-1994) from a north-
ern Italian town. Chemosphere 30, 1829-1845. https://doi.org/10.1016/0045-
6535(95)00065-G.

Rossini, P., Matteucci, G., Guerzoni, S., 2010. Atmospheric fall-out of metals around the
Murano glass-making district (Venice, Italy). Environ. Sci. Pollut. Res. 17, 40-48.
https://doi.org/10.1007/s11356-009-0122-8.

Roy, D., Singh, G., Seo, Y.-C., 2019. Carcinogenic and non-carcinogenic risks from PM10-and
PM2.5-boundmetals in a critically polluted coal mining area. Atmos. Pollut. Res.,
1964-1975 https://doi.org/10.1016/j.apr.2019.09.002.


https://doi.org/10.1016/j.scitotenv.2016.06.003
https://doi.org/10.1016/j.envint.2017.10.002
https://doi.org/10.1016/j.envint.2017.10.002
https://doi.org/10.2307/490373
https://doi.org/10.2307/490373
https://doi.org/10.1016/j.chemosphere.2015.12.134
https://doi.org/10.1016/j.chemosphere.2015.12.134
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271129397784
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271129397784
https://doi.org/10.12765/CPoS-2016-11en
https://doi.org/10.12765/CPoS-2016-11en
https://doi.org/10.1017/S0032247420000200
https://doi.org/10.1017/S0032247420000200
https://doi.org/10.1016/j.envpol.2017.04.077
https://doi.org/10.1016/0743-0167(94)90049-3
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271145507144
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271145507144
https://doi.org/10.3390/atmos12020239
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271131143633
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271131143633
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271131143633
https://doi.org/10.1093/annhyg/mem050
https://doi.org/10.1093/annhyg/mem050
https://doi.org/10.1144/1467-7873/05-094
https://doi.org/10.1144/1467-7873/05-094
https://doi.org/10.1016/j.chemosphere.2017.07.138
https://doi.org/10.1016/S0140-6736(98)01352-X
https://doi.org/10.2903/j.efsa.2010.1570
https://doi.org/10.2903/j.efsa.2010.1570
https://doi.org/10.1016/0004-6981(71)90113-2
https://doi.org/10.1007/s11356-019-0727
https://doi.org/10.1007/s11356-019-0727
https://doi.org/10.1016/j.envint.2016.10.009
https://doi.org/10.1007/s00484-018-1510-x
https://doi.org/10.1007/s00484-018-1510-x
https://doi.org/10.1007/s00477-016-1366-8
https://doi.org/10.1016/j.scitotenv.2017.08.121
https://doi.org/10.1016/j.scitotenv.2017.08.121
https://doi.org/10.1016/j.jrurstud.2015.10.006
https://doi.org/10.1016/j.scitotenv.2006.11.028
https://doi.org/10.1016/j.envint.2019.104985
https://doi.org/10.1016/j.envint.2019.104985
https://doi.org/10.1007/s11869-020-00852-4
https://www3.ivl.se/db/plsql/dvsmetl01.querylist
https://doi.org/10.1111/ruso.12266
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271133216021
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271133430524
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271133430524
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271147156220
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271147156220
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271147156220
https://doi.org/10.1016/j.jece.2018.04.022
https://doi.org/10.1016/j.jece.2018.04.022
https://doi.org/10.1093/annhyg/meu061
https://doi.org/10.1093/annhyg/meu061
https://doi.org/10.1093/annhyg/44.5.325
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271134295737
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271134295737
https://doi.org/10.4000/eps.6222
https://doi.org/10.1139/a99-006
https://doi.org/10.1016/j.envpol.2018.01.101
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271135592795
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271135592795
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271135592795
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271136129787
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271136129787
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271137251958
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271137251958
https://doi.org/10.1016/j.chemosphere.2017.03.009
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271137518790
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271137518790
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271139149972
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271139149972
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271139340508
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271139340508
https://doi.org/10.1097/JOM.0000000000001003
https://oehha.ca.gov/chemicals/lead-and-lead-compounds
https://oehha.ca.gov/chemicals/lead-and-lead-compounds
https://doi.org/10.5194/acp-18-15705-2018
https://doi.org/10.1016/j.atmosenv.2007.11.034
https://doi-org.proxy.lnu.se/10.1007/s10653-008-9235-0
https://doi-org.proxy.lnu.se/10.1007/s10653-008-9235-0
https://doi.org/10.1016/j.scitotenv.2019.136344
https://doi.org/10.1007/s11270-008-9735-7
https://doi.org/10.1007/s11270-008-9735-7
https://doi.org/10.1073/pnas.2102791118
https://doi.org/10.1016/0045-6535(95)00065-G
https://doi.org/10.1016/0045-6535(95)00065-G
https://doi.org/10.1007/s11356-009-0122-8
https://doi.org/10.1016/j.apr.2019.09.002

S. Alriksson et al.

Satarug, S., Moore, M., 2004. Adverse health effects of chronic exposure to low-level cadmium
in foodstuffs and cigarette smoke. Environ. Health Perspect. 112, 1099-1103. https://
doi.org/10.1289/ehp.6751.

SCB, 1999. Befolkningsutvecklingen under 250 ar - Historisk statistik for Sverige
Demografiska rapporter.

SCB, 2020. Antal hushall efter hushallstyp. SCB. www.scb.se.

SCB, 2020. The population by region, marital status, age and sex. Year 1968 - 2019. SCB.
www.scb.se.

SCB, 2022. Total emissions of air pollution by air pollution, sector and year. SCB. www.scb.se.

Serbula, S., Milosavljevic, J., Radojevic, A., Kalinovic, J., Kalinovic, T., 2017. Extreme air pol-
lution with contaminants originating from the mining-metallurgical processes. Sci. Total
Environ. 586, 1066-1075. https://doi.org/10.1016/j.scitotenv.2017.02.091.

Shen, H., Peters, T.M., Casuccio, G.S., Lersch, T.L., West, R.R., Kumar, A., et al., 2016. Elevated
concentrations of lead in particulate matter on the neighborhood-scale in Delhi, India as
determined by single particle analysis. Environ. Sci. Technol. 50, 4961-4970. https://doi.
org/10.1021/acs.est.5b06202.

SMHI, 2017. Wind Rose Kosta 1997-2016. Swedish Meteorological and Hydrological Insti-
tute, SMHL

Stockham, J.D., 1971. The composition of glass furnace emissions. J. Air Pollut. Control Assoc.
21, 713-715. https://doi.org/10.1080,/00022470.1971.10469588.

Swedish Environmental Protection Agency, 2009. Guideline Values for Contaminated Soil.
Swedish Environmental Protection Agency, p. 272.

Symanski, E., Kupper, L.L., Hertz-Picciotto, L., Rappaport, S.M., 1998. Comprehensive evalua-
tion of long term trends inoccupational exposure: part 2. Predictive modelsfor declining
exposures. Occup. Environ. Med. 55, 310-316. https://doi.org/10.1136/0em.55.5.310.

Symanski, E., Kupper, L.L., Rappaport, S.M., 1998. Comprehensive Evaluation of Long Term
Trends in Occupational Exposure: Part 1. Description of the Database. 55, pp. 300-309.
https://doi.org/10.1136/0em.55.5.300.

Terzi, E., Argyropoulos, G., Bougatioti, A., Mihalopoulos, N., Nikolaou, K., Samara, C., 2010.
Chemical composition and mass closure of ambient PM10 at urban sites. Atmos. Environ.
44, 2231-2239. https://doi.org/10.1016/j.atmosenv.2010.02.019.

Thomas, L.D., Hodgson, S., Nieuwenhuijsen, M., Jarup, L., 2009. Early kidney damage in a
population exposed to cadmium and other heavy metals. Environ. Health Perspect.
117, 181-184. https://doi.org/10.1289/ehp.11641.

Tong, S., von Schirnding, Y.E., Prapamontol, T., 2000. Environmental lead exposure: a public
health problem of global dimensions. Bull. World Health Organ. 78, 1068-1077.

Torén, K., N. Naidoo, R., Blanc, P.D., 2022. Pneumococcal pneumonia on the job: uncovering
the past story of occupational exposure to metal fumes and dust. Am. J. Ind. Med. 65,
517-524. https://doi.org/10.1002/ajim.23352.

11

Science of the Total Environment 858 (2023) 159843

UKEA, 2006. Remedial Targets Methodology - Hydrogeological Risk assessment for Land Con-
tamination UK. Environment Agency UK.

USEPA, 1994. Methods for Derivation of Inhalation Reference Concentrations and Application
of Inhalation Dosimetry. EPA.

USEPA, 1996. Soil Screening Guidance: User's Guide. Office of Solid Waste and Emergency
Response, Washington, DC.

USEPA, 2008. National Ambient Air Quality Standards for Lead. Federal Register73,
pp. 66964-67062.

USEPA, 2009. In: EPA (Ed.), Risk Assessment Guidance for Superfund Volume I: Human
Health Evaluation Manual (Part F, Supplemental Guidance for Inhalation Risk Assess-
ment). OSRTI, EPA.

USEPA, 2011. Exposure Factors Handbook Chapter 6. National Center for Environmental As-
sessment Office of Research and Development, Washington DC.

USEPA, 2022. Air Quality Dispersion Modeling. https://www.epa.gov/scram/air-quality-
dispersion-modeling.

USEPA, 2022. Integrated Risk Information System. https://www.epa.gov/iris.

USEPA, 2022. National Air Quality: Status and Trends of Key Air Pollutants. https://www.
epa.gov/air-trends.

USEPA, 2022. Office of Land and Emergency Management (OLEM) Accomplishments Reports
and Benefits. https://www.epa.gov/aboutepa/office-land-and-emergency-management-
olem-program-benefits.

Van Den Heuvel, R., Den Hond, E., Govarts, E., Colles, A., Koppen, G., Staelens, J., et al., 2016.
Identification of PM10 characteristics involved in cellular responses in human bronchial
epithelial cells (Beas-2B). Environ. Res. 149, 48-56. https://doi.org/10.1016/j.envres.
2016.04.029.

Van Liedekerke, M., Prokop, G., Rabl-Berger, S., Kibblewhite, M., Louwagie, G., 2014. Prog-
ress in the Management of Contaminated Sites in Europe.

WHO, 1993. Evaluation of certain food additives and contaminants. Forty-first Report of the
Joint FAO/WHO Expert Committee on Food Additives, Geneva.

WHO, 2010. Evaluation of certain food additives and contaminants. Seventy-third Report of
the Joint FAO/WHO Expert Committee on Food Additives, Geneva.

Zhang, C., Selinus, O., Kjellstrom, G., 1999. Discrimination between natural background and
anthropogenic pollution in environmental geochemistry - exemplified in an area of south-
eastern Sweden. Sci. Total Environ. 243 (244), 129-140. https://doi.org/10.1016/
50048-9697(99)00368-X.


https://doi.org/10.1289/ehp.6751
https://doi.org/10.1289/ehp.6751
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271147348784
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271147348784
http://www.scb.se
http://www.scb.se
http://www.scb.se
https://doi.org/10.1016/j.scitotenv.2017.02.091
https://doi.org/10.1021/acs.est.5b06202
https://doi.org/10.1021/acs.est.5b06202
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271140505407
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271140505407
https://doi.org/10.1080/00022470.1971.10469588
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271121135034
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271121135034
https://doi.org/10.1136/oem.55.5.310
https://doi.org/10.1136/oem.55.5.300
https://doi.org/10.1016/j.atmosenv.2010.02.019
https://doi.org/10.1289/ehp.11641
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271124578841
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271124578841
https://doi.org/10.1002/ajim.23352
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271142520677
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271142520677
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271126597759
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271126597759
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271127167182
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271127167182
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271144157283
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271144157283
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271144310338
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271144310338
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271144310338
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271127381384
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271127381384
https://www.epa.gov/scram/air-quality-dispersion-modeling
https://www.epa.gov/scram/air-quality-dispersion-modeling
https://www.epa.gov/iris
https://www.epa.gov/air-trends
https://www.epa.gov/air-trends
https://www.epa.gov/aboutepa/office-land-and-emergency-management-olem-program-benefits
https://www.epa.gov/aboutepa/office-land-and-emergency-management-olem-program-benefits
https://doi.org/10.1016/j.envres.2016.04.029
https://doi.org/10.1016/j.envres.2016.04.029
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271145287744
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271145287744
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271127507075
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271127507075
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271128207339
http://refhub.elsevier.com/S0048-9697(22)06943-1/rf202210271128207339
https://doi.org/10.1016/S0048-9697(99)00368-X
https://doi.org/10.1016/S0048-9697(99)00368-X

	Temporal risk assessment – 20th century Pb emissions to air and exposure via inhalation in the Swedish glass district
	1. Introduction
	2. Material and methods
	2.1. Study area and focus sites
	2.2. Historical Pb emissions to air
	2.3. Conversion of historical Pb emissions (kg/yr) to annual average concentrations in air (μg Pb/m3)
	2.4. Risk assessment and calculation of hazard quotients
	2.5. Variations in population size around the glassworks
	2.6. Present-day concentration of Pb in air for comparison

	3. Results and discussion
	3.1. Modelled 20th century Pb emissions to air
	3.2. Pb concentrations in air
	3.3. Pb inhalation risks
	3.4. Exposure and population size

	4. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




