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Abstract

Children are susceptible to the health effects derived from elevated manganese (Mn)
environmental exposure; residents living in urban areas where ferromanganese alloy
plants are located are usually exposed to high Mn levels. In this work, a dispersion
model developed by the USEPA, CALPUFF, has been used to estimate the airborne Mn
levels near educational centers located in Santander bay, Northern Spain, an urban
area where high Mn levels have been measured in the last decade. The CALPUFF
model was validated in a previous work from a multi-site one-year observation
dataset. Air manganese levels in 96 primary, secondary and high schools located in
Santander bay were estimated using the CALPUFF model for two months
corresponding to warm and cold periods using real meteorological data and Mn
emission rates corresponding to different emission scenarios. Results show that when
the emission scenario that best represented the observations dataset is used, the air
Mn levels exceed the WHO guideline (i.e. 150 ng Mn/m3) in 24 % and 11 % of the
studied schools in the cold and warm periods respectively. These exceedances depend

on the distance from the FeMn alloy plant and the direction of the prevailing winds.
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Additional emission scenarios based on the implementation of preventive and
corrective measures are simulated and analysed in terms of the number of
exceedances of the WHO guideline. The age range of children has been also

considered in the analysis.
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Abstract

Children are susceptible to the health effects derived from elevated manganese (Mn)
environmental exposure; residents living in urban areas where ferromanganese alloy
plants are located are usually exposed to high Mn levels. In this work, a dispersion
model developed by the USEPA, CALPUFF, has been used to estimate the airborne Mn
levels near educational centers located in Santander bay, Northern Spain, an urban
area where high Mn levels have been measured in the last decade. The CALPUFF
model was validated in a previous work from a multi-site one-year observation
dataset. Air manganese levels in 96 primary, secondary and high schools located in
Santander bay were estimated using the CALPUFF model for two months
corresponding to warm and cold periods using real meteorological data and Mn
emission rates corresponding to different emission scenarios. Results show that when
the emission scenario that best represented the observations dataset is used, the air
Mn levels exceed the WHO guideline (i.e. 150 ng Mn/m3) in 24 % and 11 % of the
studied schools in the cold and warm periods respectively. These exceedances depend

on the distance from the FeMn alloy plant and the direction of the prevailing winds.
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Additional emission scenarios based on the implementation of preventive and
corrective measures are simulated and analysed in terms of the number of
exceedances of the WHO guideline. The age range of children has been also

considered in the analysis.
Keywords

Atmospheric manganese; children; school; dispersion modelling; CALPUFF

1. Introduction

The exposure to moderate/high levels of the metal(loid)s present in the atmosphere is
of concern due to adverse health effects derived from their character (e.g. carcinogen,
neurotoxic, etc). Although a considerable contribution to the total metal(loid) emission
is from natural origin, the anthropogenic emission of these pollutants is much higher in
urban and industrial areas (Snyder et al., 2009). Iron and steel industry and the
nonferrous metallurgy are reported to be the most intensive airborne and land
pollution sources of the metal(loid)s (Hagelstein, 2009). For example, in 2003, the
metals industry was the largest source of metal air toxics in the US followed by the
electric power industry (Hagelstein, 2009). An environmental assessment of the iron
and steel production performed by Strezov and Chaudhary (2017) revealed most
significant contribution of manganese (Mn), followed by titanium (Ti), zinc (Zn),
chromium (Cr) and lead (Pb). Moreover, Mn alloy production plants are the major

source of air Mn (USEPA, 1984).

Although Mn is an essential and abundant micronutrient required for normal
development and growth (Erikson and Aschner, 2003; Erikson et al., 2005; Nielsen,
1999), excessive and prolonged inhalation of Mn particulates results in its
accumulation in selected brain regions that causes central nervous system (CNS)
dysfunctions and an extrapyramidal motor disorder, referred to as manganism (Martin,
2006). Prolonged and chronic exposure to Mn represents a risk factor Parkinson’s
disease (Gorell et al., 1999). Different studies reported that inhalation is the most

hazardous route of Mn exposure; airborne Mn directly enters the organism being
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absorbed very effectively (Andersen et al., 1999; Krachler et al., 1999; Mergler et al.,
1999).

Since Mn is neurotoxic and considering that the brain and central nervous system are
developed in the early years of life, the exposure to Mn may cause neurotoxic effects
of particular concern in infants and children (Menezes-Filho et al., 2011; Rodriguez-
Barranco et al., 2013). Exposure to environmental Mn in utero has also been
associated with decreased neurocognitive and neuro-motor functions (Takser et al.,
2004). Recent studies on children and infants have shown the association of Mn
exposure with neurotoxic disorders, including motor, behavioral and cognitive deficits
(Carvalho et al., 2014; Crossgrove and Zheng, 2004; Mora et al., 2015; Riojas-Rodriguez
et al., 2010; Rodriguez-Barranco et al., 2013). Exposure to airborne Mn in children has
been found to be associated with cognitive impairment measured as reduced
Intelligence Quotient (IQ) (Menezes-Filho et al., 2011; Riojas-Rodriguez et al., 2010).
Since Mn neurotoxicity is known for pyramidal effects in adults and has been related to
early Parkinsonism (Lucchini et al., 2007, 2012; Roels et al., 2012), control of motor

function may be impaired also in younger individuals after early life exposure.

In the face of the evidence of unhealthy effects as a consequence of environment Mn
overexposure, a reference concentration (RfC) of 50 ng/m?® in the respirable fraction
has been established by the U.S. Environmental Protection Agency for chronic
exposure (US EPA, 1993). The Agency for Toxic Substances and Disease Registry
(ATSDR) established a chronic-duration inhalation minimal risk level for Mn of 300
ng/m?3 (ATSDR, 2012). An annual average guideline value of 150 ng/m?® has also been
proposed by the World Health Organization (WHO, 2000). Nevertheless, the Air Quality
European Directives (2004/107/EC and 2008/50/EC) only regulate the levels of other
metal(loid)s such as As, Cd, Ni and Pb.

Air Mn levels in urban areas have been reported in the literature. Querol et al. (2007)
reported air Mn concentrations of 4 - 23 ng/m? in numerous urban background sites in
Spain. Datasets from 15 major cities in Korea over a 16-year time span (1991-2006)
were evaluated by Myeong et al. (2009). The mean Mn concentration measured from
all the major cities in Korea throughout the entire study period was 71 ng/m?3, while

the annual mean values of different cities ranged from 10.5 ng/m?® in Yeosu (2003) to

3
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615 ng/m® in Wonju (2006). The Mn levels were considerably larger in industrialized
areas than in other land-use types. The highest Mn concentrations reported in the
literature are usually found in the vicinities of ferromanganese alloy plants. For
instance, a 24-h Mn concentration of 1,130 ng/m? has been reported by Colledge et al.
(2015) in the Marietta community (Ohio, USA); Haynes et al (2010) also reported an
annual average concentration of 203 ng/m3 in the same area. Close to Salvador
(Brazil), a 24-h Mn concentration in PM, 5 of 151 ng/m?® was reported by Menezes-Filho
et al. (2009). Ledoux et al. (2006) also reported a 12-h average air Mn concentration of
7,560 ng/m® near a ferromanganese alloy plant located in Boulogne-Sur-Mer
agglomeration (120,000 inhabitants, France). In addition, several studies have recently
reported high levels of air Mn in the vicinity of a manganese alloy plant in the Region
of Cantabria, northern Spain: Moreno et al. (2011) reported an annual average value of
166 ng/m? in the capital of this region, Santander, in the year 2007. Moreover, in
Maliano, a small town where the ferroalloy plant is placed, annual average levels of
781 and 1,072 ng/m?® were reported in 2005 and 2009 respectively (CIMA, 2006; 2010).
A maximum monthly value of 713.9 ng/m® was still measured in the same town in

2015 (Hernandez-Pellon and Fernandez-Olmo, 2016).

A useful way for assessing the exposure to metal(loid)s in the atmosphere is the use of
dispersion models in order to provide an integrated understanding of the phenomena
that take place (Chen et al., 2012). Furthermore, dispersion models are an essential
instrument to develop abatement strategies that can help effectively reduce the levels
of the metal(loid)s. Only a few studies have modelled the concentrations of air Mn:
Haynes et al. (2010), Colledge et al. (2015) and Fulk et al. (2016) modelled the
exposure to air Mn levels through the AERMOD model while Carter et al. (2015)
simulated atmospheric Mn deposition using the SCIPUFF model. Industrial emission
data for particulate-bound metals required to run these models have low confidence
ratings since metal emissions are usually estimated on worst-case emission factors,
and sometimes not reported (Hagelstein, 2009). The metal industry database quality is
uncertain since most of the emission inventories are not representative of site
conditions and operations (Hagelstein, 2009). In a recent study, a day-by-day Mn

emission inventory depending on the operating conditions of a ferromanganese plant
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was developed to run the CALPUFF model to estimate the Mn levels in Santander bay
(Otero-Pregigueiro et al., 2018). This model showed a reasonable agreement between
observations and Mn modelled values in four sites close to the ferroalloy plant. Unlike
AERMOD, CALPUFF is a non-steady-state puff model, and it is recommended for
certain near-field applications involving complex terrain and meteorological conditions
(Scire et al., 2000). For example, CALPUFF is capable of tracking the puff emitted
before, during and after wind shifts and reversals (Burger, 2004), allowing to take into
account the wind direction changes that typically occur in the summertime in

Santander bay.

Taking into account that children are the most sensitive group to Mn environmental
exposure, the large time they spend at school, and the high levels of Mn measured in
the last years in Santander bay, the aim of this study is to evaluate the outdoor air Mn
concentration in the educational centers existing along this bay using the CALPUFF
dispersion model that was previously validated with a large experimental dataset
(Otero-Pregigueiro et al., 2018). In addition, alternative emission scenarios
corresponding to the potential application of preventive and corrective measures in
the main Mn industrial source (i.e. the manganese alloy plant), and also considering
the Mn emissions from other minor industrial sources, are evaluated using CALPUFF
modelling, as a preliminary approach to estimate the exposure to one of the most

susceptible population groups, corresponding to infants, children and adolescents.

2. Methodology

2.1. Site description

The study is focused on the Region of Cantabria, northern Spain, more precisely in
Santander bay (Figure 1). Main land uses are residential, industrial and commercial.
SW and NE are the prevailing wind directions. The main industrial activities taking
place in the bay are sources of air Mn, such as a steel plant, two iron foundries and a
ferromanganese alloy production plant (see Figure 1). The later one is located in
Maliafio, a 10,000 inhabitants town, where high concentrations of Mn in ambient air
have been previously reported (Hernandez-Pellon and Fernandez-Olmo, 2016;

Hernandez-Pellon et al., 2017). This town is 7 km away from Santander (172,656

5
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inhabitants in 2016), which is the capital of Cantabria and the most populated city of

the region.

The ferromanganese alloy production plant produces high carbon ferromanganese
(FeMn HC), refined ferromanganese (FeMn MC) and silicomanganese (SiMn) in
electrical furnaces with a maximum capacity of 225,000 t/year. Last reported
production rate was 131,000 tons in 2015 (Ferroatlantica, 2016). A total of 96
educational centers are located alongside the Santander bay inside a circle of 11 km
radius centered at the ferroalloy plant. These schools account for 37,002 students:
23.2 % are infants from 3 to 5 years old; 41.4 % are children from 6 to 11 years old;
26.1 % are teenagers from 12 to 15 years old and 9.3 % are youths from 16 to 17 years
old. A detailed list of these educational centers is shown in Table S1. The location of
each center, the distance from the manganese alloy plant, and the number of students

by age range are also shown in Table S1.
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2.2. Model characteristics and setup

In a previous work, we used the CALPUFF model to estimate the PMjy-bound Mn
concentration alongside the Santander bay; it was validated by comparing the
modelled results with a multi-site one-year observation dataset (Otero-Pregigueiro et
al., 2018). A detailed description of the Mn emission rate estimation and model
characteristics and setup can be found in Otero-Pregigueiro et al. (2018). A brief
summary is shown below; the Mn emission rates from the Mn industrial sources
identified in the studied area (i.e. the manganese alloy plant, the steel plant and the
iron foundries) were estimated from emission factors obtained from US EPA (1984);
the required information about production rates, energy and raw material
consumption, efficiency, and plant characteristics were taken from Environmental
Declarations of the companies (Ferroatlantica S.L., 2016; Global Steel Wire S.A., 2015)
and Integrated Prevention and Pollution Control (IPPC) permits (BOC, 2008a, 2008b,
2008c, 2008d). A detailed description of the Mn sources and their emissions was only
conducted for the ferromanganese alloy plant, which accounted for more than 90 % of
the Mn emissions (Otero-Pregigueiro et al., 2018). Emission rate calculations from the
other industrial sources (the steel plant and the iron foundries) were simplified
because of the low contribution to the total Mn emissions. A single point source was
considered for each of these plants. A constant emission rate for the simulated periods
was assumed for these industrial sources. The main point and fugitive sources of Mn
for the manganese alloy plant are described in Figure 2; the main sections where the
Mn emissions can be reduced are highlighted in the figure: first, Mn-bearing particles
that are released inside the smelting buildings are not fully collected by the hooding
systems, and they are emitted through the wall openings. So, the efficiency of the
hooding systems is a key parameter to reduce the Mn fugitive emissions from the
smelters. Secondly, ore/slag open storage areas still remain in the plant, leading to
fugitive emissions of Mn containing particles. Finally, Mn emissions from non-
systematic point sources occur under some operation conditions; in these
circumstances, the off-gas exiting the furnaces is directly released through a by-pass

pipeline.
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1 CALPUFF is a non-steady-state Lagrangian puff dispersion model that solves the
2 transport, transformation, and removal of pollutants (Scire et al., 2000). Three main
3 components are included in the modelling system: CALMET (a diagnostic 3 -
4  dimensional meteorological model), CALPUFF (an air quality dispersion/deposition
5 model), and CALPOST (a postprocessing package). The USEPA approved version of
6  CALPUFF (v5.8) included in CALPUFF View interface (v8.4.0) has been used in this
7  study. A 20 km x 20 km domain centered in the location of the manganese alloy plant
8 was chosen; the resolution of each cell was 200 m x 200 m.
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26

27 Terrain elevation and land cover data were obtained from the Shuttle Radar

28  Topography Mission (SRTM 1) and the Global Land Cover Characterization (GLCC),

29  respectively. Information from the following meteorological stations (see Figure 1) was

30 fed to the model: Parayas AEMET X: 432703 m Y: 4808800 m and Guarnizo CIMA X:

31 432146 m Y: 4806368 m, for 1-h resolution surface data; and Santander-CMT AEMET X:
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435281 m Y: 4815665 m for 1-h resolution surface data and upper-air data from

soundings.
2.3. Study design

Because of the high-demanding computing needs of the model, only 2 months were
chosen to run the model, one representing the cold period (January) and the other one
the warm period (June). This can supply an understanding of the global behavior of the
Mn exposure through the entire year. The meteorological data needed to run the
model were taken from observations of January and June 2015; according to previous
analyses of wind roses in the studied area (Fernandez-Olmo et al., 2015; Ruiz et al.,
2014), they represent prevailing wind conditions in cold and warm periods in
Santander bay. Thus, moderate S/SW wind blows in cold periods while SW winds in the
night and morning followed by NE breezes in the afternoon are characteristics in the

summertime (see Figure 3).
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Figure 3. Wind plots for the cold (a) and warm periods (b) in Guarnizo CIMA station:

hourly wind data correspond to January 2015 (cold) and June 2015 (warm)

The Mn emission rates were calculated for every simulated days from the emissions of

the steel plant, the iron foundries and the manganese alloy plant. Taking into account

10
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that the later one contributed to more than 90 % of Mn emissions in the studied area,
different emission scenarios for the ferroalloy plant were considered: the reference
scenario based on the emissions that best represented the observations dataset that
were assessed in Otero-Pregigueiro et al. (2018) and additional scenarios based on the
implementation of potential preventive and corrective measures (see Table 1). The
reference emission scenario (S0) considered a hooding efficiency inside the smelters of
96 %, a 50 % of piles surface area not covered and no particulate matter control in the
off-gas by-pass pipeline (Otero-Pregigueiro et al., 2018). The additional scenarios focus
on the sections where Mn emissions can be strongly reduced: i) Improving the hooding
efficiency in furnace buildings, from 96% to 98%. ii) Reducing the fugitive emissions
from ore/slag storage and handling, covering a 90% of the ore/slag storage surface
area. iii) Installing high-efficiency control devices (99%) for particulate matter in the by-
pass pipeline. In summary, S1 scenario considers the application of the three
abatement measures at the same time (98 % of hooding efficiency, 10 % of open piles
area, and 99 % of efficiency in the by-pass pipeline), while 52-54 take into account the
application of these measures individually: S2, 99 % of efficiency in the by-pass

pipeline; S3, 98 % of hooding efficiency; S4, 10 % of open piles area.

Table 1: Emission scenarios

Scenario Hooding Efficiency Open piles area  By-pass pipeline Efficiency
(%) (%) (%)
SO (ref) 96 50 0
S1 98 10 99
S2 96 50 99
S3 98 50 0
5S4 96 10 0

2.4. Performance and evaluation analysis

CALPUFF outputs are daily and monthly Mn concentration averages at each receptor
site (school). Since WHO guideline value is based on an annual average, monthly values
could not be directly contrasted with this guideline value; however, they are compared
to have a conservative estimation of the percentage of schools/students that might
exceed the WHO value under the chosen meteorological conditions. This analysis is

further applied to assess how the potential abatement measures can reduce the Mn

11



650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

10
11

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

exposure in the studied educational centers. In addition, graphical polar diagrams
showing the spatial distribution of the schools and the range of Mn levels are plotted

to help with the discussion of the effectiveness of the proposed abatement measures.

3. Results and Discussion
3.1. Modelled PM;g-bound Mn concentrations at the selected educational centers

Daily Mn concentrations were calculated at each educational center in both cold and
warm periods and monthly averages were calculated at each center for both periods.
The statistics of modelled monthly PM;o bound Mn concentrations are shown in Table
2: the geometric mean, standard deviation, median, maximum and minimum Mn
concentrations were calculated from the monthly values simulated at the 96

educational centers.

Table 2 shows that higher mean, median and maximum values are predicted in the
cold period for all the studied scenarios. As shown in Figure 1, most of the schools in
the domain are located NE of the ferromanganese alloy plant; since the prevailing wind
directions in the wintertime are S and SW (see Figure 3), the Mn plume moves towards
these educational centers. In the warm period, when NE wind is blowing the
concentration of Mn is lower in these centers. For the reference scenario (SO), the
geometric means of the Mn monthly concentrations are 76 and 53 ng/m? for the cold
and warm periods, respectively (ranges of 1.9-4,401 and 8.1-2,919 ng/m?d). Few
simulation studies have reported the levels of air Mn near industrial sources, most of
them conducted in Marietta, Ohio (US), where the largest Mn alloy production plant in
the US is located. AERMOD has been used to model the air Mn concentration in
Marietta (Haynes et al., 2010; Bowler et al., 2012; Colledge et al., 2015; Fulk et al.,
2016). An annual average air Mn concentration of 130 ng/m?® (range of 10-18,130
ng/m?3) was estimated by Haynes et al. (2010) from the levels modelled at different
residences of more than 100 participants; the authors feed the AERMOD model with 9
Mn emission sources (the FeMn plant contribution was 73 % in 2006). Similar values
were reported by Bowler et al. (2012) using 2001 Mn emission data averaging the Mn
concentration for the period 1991-1995: 180 ng/m? (range of 40-960 ng/m?).

12



709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749

Table 2: Statistics of modelled monthly PM;,-bound Mn concentrations at the selected educational centers (geometric mean, standard deviation, median,

maximum and minimum) and percentage of centers exceeding the WHO guideline (150 ng/m?) for each studied scenario (n=96).

Cold period Warm period
Scenario Mean Standard Median Minimum Maximum % of centers Mean Standard Median  Minimum Maximum % of centers
(ng/m8) deviation  (ng/m?3) (ng/m3) (ng/m3) exceeding (ng/m®)  deviation  (ng/m?3) (ng/m3) (ng/m3) exceeding
(ng/m?3) 150 ng/m? (ng/m?3) 150 ng/m?
SO 76 451 81 2 4,401 24 53 305 51 8 2,919 11
S1 37 149 39 1 1,429 9 26 92 27 4 842 6
S2 74 448 79 2 4,382 24 52 304 51 8 2,906 11
S3 50 366 54 1 3,595 14 35 262 34 5 2,547 9
S4 65 238 67 1 2,256 22 45 141 44 7 1,226 9
13



750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808

The same research group reported later a more detailed study using also AERMOD,
distinguishing between total suspended particles (TSP), PM10 and PM2.5 (Colledge et
al., 2015). An annual geometric mean of 36, 142 and 171 ng/m?® was estimated at
Marietta for PM2.5, PM10 and TSP respectively (maximum values of 338, 1,334 and
1,607 ng/m3). No emission data were used in this study; a site-surface area emission
method was used instead (Colledge et al., 2015). Lower simulated values were
reported by Fulk et al. (2016) in the same area; a mean Mn annual value of 16.74
ng/m? was obtained in the PM2.5 fraction at 8 km of the main Mn source; a maximum
48-h Mn concentration of 171.84 ng/m3 was estimated. Colledge et al. (2015) also
simulate the air Mn levels near a Mn ore processing facility in East Liverpool (Ohio, US).
The proximity of this plant to the receptor sites led to higher simulated concentration
values; an annual geometric mean of 123 ng/m? in PM10 (351 ng/m? in TSP) was

estimated.

With respect to the effectiveness of the potential abatement measures, the
application of all the measures at the same time (S1 scenario) showed a strong
reduction in Mn mean, median and maximum concentrations, as expected. The
highest reductions were observed at the schools where the maximum monthly Mn
concentrations were predicted (IPJH, IPMT, IPPV). The application of the abatement
measures individually shows that the most effective measure to reduce the Mn
concentration at the studied schools is to increase the hooding efficiency in the
smelting buildings (S3 scenario). Some studies reported that although the existing
fume capture systems have good capacity, an optimization and upgrading of the
hooding system are recommended (Els et al., 2013; Kadkhodabeigi and Haaland, 2013).
The reduction of the open storage area (54 scenario) also leads to diminish the Mn
concentration, mainly in the summertime; the arithmetic mean for this scenario is
similar to that of S3 scenario in the warm period, but the median is noticeably higher.
In most of the selected schools, S3 scenario leads to lower Mn concentrations with
respect to S4 scenario; however, the Mn concentrations in IPJH, IPMT and IPPV, which
are the schools closest to the ferroalloy plant (see Figure 1, zoom 1) are lower for S4
scenario. This clearly shows that the covering of open storage areas is more effective

at the sites closest to the ferromanganese alloy plant. The least efficient control
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measure is the installation of a high-efficiency dust control device in the off-gas by-
pass pipeline (52 scenario). Based on observations of the plant operation pattern and
the hourly production rate and PM emissions from the main furnaces, a 2-h period per
day during working days was assumed for the operation in by-pass mode; in weekends,
a 24-h operation in regular mode was assumed. So, the application of this measure
leads to a decrease in Mn concentrations in a very short period, barely affecting the
daily and monthly averages, as shown in Table 2. However, depending on the weather
conditions during the by-pass mode operation, this measure can help in reducing high

peak concentrations.

Table 2 also shows the percentage of educational centers where the monthly averages
exceed the WHO guideline value (150 ng/m?3). In the reference scenario, the guideline
value is exceeded in 24 and 11 % of the studied centers in cold and warm periods
respectively. As discussed earlier, the wind conditions registered in the wintertime
lead to higher Mn concentrations at the majority of the selected schools. An
intermediate percentage of exceedances is expected for the whole year. A relatively
high number of schools in Santander bay are located in areas where annual Mn
concentrations are expected to exceed the WHO annual guideline value, and taking
into account the effects of Mn on children, adolescents and youths, the application of
abatement measures are strongly recommended. Thus, the percentage of schools
exceeding 150 ng/m?® can be reduced to 9% and 6% in cold and warm periods
respectively if all the potential abatement measures are applied by the ferroalloy plant

(S1 scenario).

3.2. Spatial distribution of the PM;5-bound Mn concentrations

A polar diagram representing the Mn monthly concentrations at schools for the
reference (S0) and the most effective scenario (S1) for the cold and warm periods is
plotted in Figure 4. This diagram also allows the analysis of the effect of the position of
each center and the distance with respect to the manganese alloy plant on the
modelled Mn concentrations. The current scenario (SO) shows higher Mn modelled
concentrations at the schools located near the ferroalloy plant (less than 2.5 km); the

highest Mn modelled concentrations are found in IPJH: 4,401 and 2,919 ng/m?2 at cold
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and warm periods respectively. This school is located some 500 m from the plant. In a
previous campaign, a monthly Mn average concentration of 713.9 ng/m?® and a
maximum daily concentration of 3,204 ng/m® were measured in IPJH in August 2015
(Hernandez-Pellon and Fernandez-Olmo, 2016); this site was not used to assess the
CALPUFF model developed in our previous work (Otero-Pregigueiro et al., 2018),
because the only available site to place the sampler did not fulfill all the requirements
for microscale siting (the flow around the inlet sampling probe was partially restricted
by one of the buildings of this school). So, the measured Mn concentrations at IPJH

were probably underestimated.

In the wintertime, a high number of schools located in the first sector (NNE) in the
Santander city exceed 150 ng/m? (see yellow and light brown circles in figure 4(a)). The
Mn concentration at these centers is considerably reduced in the summertime, due to
the change in the wind pattern. Figure 3 shows that the contribution from the SW
winds in the warm period is much lower than that of the cold period. The influence of
the distance from the Mn source and the wind patterns on the Mn levels has been
studied in the literature by means of experimental campaigns and also by modelling
approaches. Thus, Menezes-Filho et al. (2009) found that Mn exposure of children
living in the vicinity of a ferroalloy plant 30 km from the city of Salvador (Brazil) was
significantly associated with distance and position of their houses relative to wind
direction; similar results were found by Lucas et al. (2015) in Bagnolo Mella (northern
Italy) and by Menezes-Filho et al. (2016) in Salvador in the vicinity of ferromanganese
plants, where manganese concentration in outdoor dust was inversely related with

distance from the plant.
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Figure 4: Polar representation of the Mn monthly concentration at schools: a) SO cold
period; b) S1 cold period; c) SO warm period; d) S1 warm period. The center of the

circle represents the location of the manganese alloy plant

With respect to modelling studies, Carter et al. (2015) reported the simulated average
Mn air concentration in 2006 against the distance from the Mn refinery located in
Marietta (Ohio, US) using the SCIPUFF model. The highest simulated Mn levels were
about 1,000 ng/m? at distances lower than 2.5 km from the refinery. Colledge et al.
(2015) also reported high simulated Mn levels in the vicinity of Mn sources; in
Marietta, sites located between 1.6 and 7.2 km from the FeMn facility were used in

the simulation, reaching a maximum annual PM10-bound Mn level of 1,334 ng/m?
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(1,607 ng/m? in TSP). Higher annual Mn levels (2,212 ng/m? in PM10 and 6,321 ng/m?®
in TSP) were even simulated in East Liverpool, where sites located between 0.08 and

2.1 km from a Mn ore processing facility were used as receptors (Colledge et al., 2015).

The effectiveness of the abatement measures can be observed in Figure 4(b) and 4 (d)
for the cold and warm periods respectively. In the wintertime, the reduction of the Mn
concentration is mainly observed at schools located in the vicinity of the plant (less
than 2.5 km) and in the first sector. The improvement of the Mn exposure at schools
located in the first sector is lower in the warm period, but it is better at schools located
SW of the plant. The maximum Mn concentrations are again found in IPJH, but they
are considerably lower than those simulated in the reference scenario: 1,429 and 842

ng/m?3 in cold and warm periods respectively.

To improve the understanding of the Mn exposure at the schools where the highest
concentrations were found, a box plot diagram was built for the 17 most exposed
schools, where the median is higher than 150 ng/m?® either in cold or warm periods
(Figure 5). Simulated daily Mn concentrations are represented considering the
reference scenario (S0) and the scenario with all the preventive and corrective
measures (S1). For each educational center, the maximum, minimum, outliers, 25,
50th and 75t percentiles of the daily values are represented in this figure. The location
of the 17 educational centers are shown in Figure 1: zoom 1 represents the
educational centers closest to the manganese alloy plant located in Maliafio, and zoom
2 the most exposed educational centers in Santander city. The schools located in the
right-hand side of Figure 5 (from IPJH to ESVC) are those included in zoom 1 while
schools in the left-hand side of Figure 5 are in zoom 2 (from CCAC to IPMP). The Mn
concentration at schools located in zoom 1 (Maliafio) are lower in the cold period than
in warm period with the exception of IPJH, because most of them are located W/SW
from the ferroalloy plant, and NE winds in the summertime fumigate the Mn plume
towards these schools. Moreover, daily Mn concentration variability is much higher in
the cold period because SW wind is blowing during most of the modelled days leading

in some cases to low Mn concentrations in receptors located W/SW from the plant.
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Figure 5: Simulated daily PMjp-bound Mn concentration in the most exposed
educational centers for the reference scenario (SO) and the scenario with all the

preventive and corrective measures (S1): a) Cold period (n=31); b) Warm period (n=30)

On the other hand, the modelled concentrations in schools located in zoom 2
(Santander) are higher in the cold period because of the S/SW prevailing winds; the
highest median values are found at the CCAC, CCSC and CCTA sites, located 7-8 km
away of the ferroalloy plant, in the eastern part of Santander. The effectiveness of the
application of the abatement measures is more clearly observed in schools located in
Maliafio (zoom 1) in the warm period: the median of the 7 schools located in Maliafo
area was higher than 150 ng/m?3 for the reference scenario; if the measures considered
in scenario 1 are applied, the median in 6 of these schools would be lower than 150
ng/m?3. In schools located in Santander (zoom 2), a similar improvement is observed in

cold and warm periods when scenario S1 is simulated.

19



1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162

3.3. Analysis of Mn exposure at schools by children age

The age range is often considered when evaluating the exposure of children to air
pollutants. For example, air pollution modelling was recently applied to assess the
PM,, exposure during pregnancy, infancy, childhood and adolescence in the area of
Bristol, UK (Gulliver et al., 2018). Taking into account that children’s cognitive functions
and their behavior might be particularly vulnerable to Mn exposure and that this might
affect the development of the brain and central nervous system during the first years
of live (Elder et al., 2006), the age of children is considered in the analysis of Mn
exposure. The percentage of students in schools where the WHO guideline was
exceeded for the studied age ranges was calculated and is shown in Table 3; results
from the five emission scenarios given in Table 1 and two weather conditions (cold and
warm periods) are presented.

Table 3: Percentage of students in schools where the WHO guideline (150 ng/m?) was
exceeded by scenario for every age range.

A Scenario
gerange n o s1 52 s3  s4
3.5 8,574 20 10 20 16 19
Cold 6-11 15,312 2 12 22 18 20
period  12-15 9,668 30 7 30 12 28
16-17 3,448 34 4 34 6 33
3-5 8,574 11 6 11 9 9
Warm 6-11 15,312 12 7 12 10 10
period  12-15 9,668 13 6 13 10 10
16-17 3,448 12 4 12 7 7

The simulations show that 20% and 11% of infants (from 3 to 5 years) attend schools
where Mn concentrations are higher than 150 ng/m?® in cold and warm periods
respectively. This percentage may be reduced to 10% and 6% respectively if all the
abatement measures described previously are applied. Children in elementary schools
(from 6 to 11 years) is the most populated group (41.4 %); 22% and 12% of this group
in cold and warm periods respectively attend schools where Mn levels are higher than
150 ng/m?3; under S1 scenario, they fall to 12% and 7%. Some studies have reported
the association of Mn exposure with cognitive effects on children of the same age

range: Menezes-Filho et al. (2011) reported that highly Mn exposed children (6-12

20



1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221

years) are associated with poorer cognitive performance, especially in the verbal
domain. A similar conclusion was obtained by Rodriguez-Barranco et al. (2013); a 50 %
increase of hair Mn levels would be associated with a decrease of 0.7 points in the 1Q

of children aged 6-13 years.

The age ranges where higher percentage of exceedances are observed correspond to
teenagers (from 12 to 15 years) and youths (from 16 to 17 years). The effectiveness of
the application of the proposed abatement measures is higher for these age ranges,
mainly in the cold period, due to a higher contribution of these groups at schools
located in Santander (zoom 2): the percentage of exceedances is reduced from 30 to
7% (teenagers) and from 34 to 4 % (youths) in the cold period, and from 13 to 6%
(teenagers) and from 12 to 4 % (youths) in the warm period. This age range is
supposed to be less sensitive to Mn exposure; for example, Torrente et al. (2005) did
not find an association of hair Mn with cognitive effects on children living in zones of
Tarragona (eastern Spain). However, Lucchini et al. (2012) did find sub-clinical deficits
in olfactory and motor function among adolescents aging 11 to 14 years living in

northern Italy, where historical ferromanganese activities were developed.
3.4. Limitations and strengths

The main limitation of the present study is that outdoor PM10-bound Mn was only
estimated at the schools’ locations, and this may not fully reflect personal children
exposure. This was solved in a recent study by Fulk et al. (2016) calculating a time-
weighted ambient Mn concentration from the simulated values at home (70 %) and
school (30 %). In addition, two months representing cold and warm periods and their
characteristic wind patterns were simulated in the present study; longer simulation
periods are usually used in the literature, since those simulations are more reliable,
mainly for chronic exposure studies (Fulk et al., 2016). However, because we intended
to simulate different emissions scenarios that took into account some abatement
strategies, a compromise between the number of runs and the simulation period was

taken, based on the overall computational time required to run all the simulations.

Other limitations were associated with the quality of the model. Possible options for

model improvements may include the consideration of local-scale phenomena
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(canyon-street effects, building downwash, surface dust resuspension, etc), and
refinement of the emission inventory by incorporating detailed particle size

distribution for each emission source.

Despite these limitations, the model used in this work was developed from a detailed
day-by-day Mn emission inventory, including point and fugitive sources. Other studies
do not include Mn emission data (Colledge et al., 2015), or fugitive Mn emissions (Fulk
et al., 2016). The later authors reported that fugitive emissions from a Mn refinery are
generally coarser than PM2.5 and therefore, the impact of these emissions on the
PM2.5-bound Mn levels is reduced. However, an important contribution of the Mn
fugitive emissions from these facilities is associated with fine particles generated in the
smelter buildings that are not fully captured (Hernandez-Pell6n et al., 2017). A further
strength of the model is that it was able to describe a wide air Mn concentration range
in accordance with observations (Otero-Pregigueiro et al., 2018). This allows to
simulate a wide range of air Mn monthly levels (1.9-4,401 ng/m?® and 8.1-2,919 ng/m?
for cold and warm periods, respectively), estimating the Mn levels at schools located
between 500 and 10,950 m from the main source. The current study should be
considered as a preliminary approach to estimate the Mn exposure for children living
in an urban area highly impacted by a manganese alloy plant, and to analyze how this

exposure may be reduced by different abatement measures.

4. Conclusions

Air pollution modelling was used to predict the PM10-bound manganese levels at
schools located in Santander bay (northern Spain), an urban/industrial area where a
ferromanganese alloy plant is operating. The CALPUFF model previously validated with
a multi-site dataset was used to simulate the Mn concentration at 96 schools located
in Santander bay at distances ranging from 500 to 10,950 m from the ferroalloy plant.
The simulations were carried out for cold and warm periods, and for different emission
scenarios. The results show that Mn modelled concentrations exceed the WHO
guideline (150 ng/m?) in 24% and 11% of the educational centers for cold and warm
periods respectively. The application of potential abatement measures to be applied in

the ferromanganese plant would lead to a significant decrease of the mean and
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maximum monthly concentrations at schools; among the studied abatement
measures, the improvement of the hooding efficiency in furnace buildings is the most
effective, followed by the covering of the open ore and slag piles area. The later
measure is particularly effective at the schools located in the vicinity of the plant. The
distance between the educational centers and the ferroalloy plant dramatically affects
the levels of Mn; however, the wind pattern also plays an important role on the
modelled Mn concentrations. Thus, the SW winds that typically blow in the wintertime
increase the levels of Mn at the schools located in the eastern part of Santander, which
is the most populated city in the region, leading to several exceedances of the WHO
guideline. In the warm period, the schools closest to the plant located in Maliaino are
exposed to higher Mn concentrations because of the shift of the wind direction (SW in
the night and morning, and NE in the afternoon); the effectiveness of the simulated

abatement measures is higher in the warm period for these schools.

Finally, the age of children potentially exposed to Mn has been assessed. Thus, the
simulations show that 20 and 11 % of infants attend schools where Mn concentrations
are higher than the WHO guideline in cold and warm periods respectively if no
abatement measures are applied. These percentages may be reduced to 10 and 6 % if
these measures are implemented. Similar figures are shown for children in elementary
schools, which represent more than 40 % of the students considered in the study. The

strongest reduction in Mn exceedances is found for teenagers and youths.

Given the evidences reported in the literature reviewed in this work associating high
Mn exposure with growth and neurological impairments in children, the results found
in this work support that Mn concentrations should be reduced in Santander bay to
protect the health of children at schools, mainly in the first age ranges, infants (3-5
years) and children (6-11 years). The approach carried out in this work is a useful way
to check different preventive and corrective measures to be applied in the study area

and elsewhere to reduce the exposure to Mn.
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SUPPLEMENTARY MATERIAL

Table S1. List of schools, 2015/2016 academic course*

_— Distance UTM X UTMY Degrees Students Students Students Students
School Reference District from FeMn from FeMn
(m) (m) 3-5 6-11 12-15 16 -17
plant (m) plant

Angeles Custodios CCAC Santander 7200 436094 4812642 35 27 110 118 0
Atalaya CCAT Santander 7350 434911 4813221 24 54 140 88 0
Castroverde CCCA Santander 7400 435860 4812934 32 254 460 348 65
gg:;g Social Bellavista Julio CCSB Santander 8600 435389 4815016 22 76 83 65 0
Compaiiia de Maria CCCM Santander 6500 434418 4812786 21 34 100 116 0
Cumbres CCCU Santander 6000 433806 4812500 17 0 128 97 0
Haypo CCHA Santander 7200 435363 4812978 28 75 128 92 0
Jardin de Africa CCJA Santander 6900 433399 4813593 11 134 253 180 0
La Anunciacién CCLA Santander 6400 434588 4812732 23 38 72 0 0
La Salle CCLS Santander 5600 433309 4812525 12 174 351 296 128
Maria Auxiliadora (Salesianos) CCMA Santander 6650 434549 4813011 22 207 427 317 65
Maria Reina Inmaculada CCRI Santander 7450 436245 4813038 34 48 113 86 0
Mercedes CCME Santander 6000 433663 4812675 15 165 321 180 0
Zl'?:zgﬁ;avo -Antiguos Alumnos — on o ander 4800 433843 4811343 21 83 239 107 0
Nifo Jesus CCNJ Santander 5000 431720 4811822 356 191 0 0 0
Purisima Concepcién CCPC Santander 5700 434086 4812181 20 57 147 94 0
Sagrado Corazon Esclavas CCsc Santander 7900 436969 4813060 38 149 432 327 147
San Agustin CCSA Santander 8300 435885 4814255 27 210 481 266 89
San Antonio CCAN Santander 6850 435771 4812647 32 0 0 76 0
San José Santander CCS) Santander 6300 434490 4812725 22 96 243 186 53
San Martin CCSM Santander 7000 435912 4812717 33 26 115 95 0
Santa Maria Micaela CCMM Santander 5000 432118 4811827 0 105 306 191 0
Tagore CCTA Santander 7200 436422 4812640 37 90 0 0 0
Verdemar CCVE Santander 6200 429905 4812745 340 180 324 216 0




Distance Degrees

School Reference District from FeMn UTM X UTMY from FeMn Students Students Students Students
(m) (m) 3-5 6-11 12-15 16-17
plant (m) plant
Los Viveros EILV Santander 5350 433642 4811936 17 113 0 0 0
Antonio Mendoza IPAM Santander 5900 433849 4812490 17 150 237 0 0
Cabo Mayor IPCB Santander 8100 435145 4814388 22 185 231 0 0
Cisneros IPCI Santander 5950 433869 4812487 17 186 283 0 0
Dionisio Garcia Barredo IPDG Santander 6650 434533 4813066 21 53 71 0 0
Elega Quiroga IPEQ Santander 4000 431333 4810793 350 170 283 0 0
Eloy Villanueva IPEV Santander 6600 432774 4813511 6 90 150 0 0
Fuente de la Salud IPFS Santander 4900 432406 4811769 4 71 122 0 0
Gerardo Diego IPGD Santander 4900 431469 4811814 353 75 117 0 0
Jesus Cancio IPJC Santander 5200 432083 4812077 0 12 61 0 0
José Arce Bodega IPJA Santander 5300 434212 4811689 24 154 174 0 0
Magallanes IPMA Santander 5850 433879 4812418 18 76 136 0 0
Manuel Cacidedo IPMC Santander 6240 430932 4812998 348 168 258 0 0
Manuel Llano IPML Santander 5850 432950 4812605 8 132 195 0 0
Maria Blanchard IPMB Santander 7100 435127 4813229 25 112 137 0 0
Maria Sainz de Sautola IPMS Santander 5550 431480 4812376 354 110 265 0 0
Marqués de Estella IPME Santander 4300 430340 4810796 336 186 263 0 0
Menéndez Pelayo IPMP Santander 6650 435260 4812628 29 89 129 0 0
Nueva Montafa IPNM Santander 3150 431590 4809950 351 158 198 0 0
Quinta Porrua IPQP Santander 5700 433098 4812454 10 75 111 0 0
Sardinero IPSA Santander 7700 436016 4813420 31 118 282 0 0
Vital Alsar IPVA Santander 8800 435496 4814978 22 18 49 0 0
Ramén Pelayo EPRP Santander 5350 433450 4812057 15 0 75 0 0
Simon Cabarga EPSC Santander 5150 433290 4811905 13 0 77 0 0
Puente Il CCPU Astillero 1850 433399 4805614 132 65 134 99 0
San José Astillero CCAS Astillero 1650 433045 4805554 141 139 308 169 0
Fernando de los Rios IPFR Astillero 2122 433744 4805671 124 143 224 0 0
José Ramén Sanchez IPJR Astillero 2000 433270 4805215 142 186 301 0 0
Ramoén y Cajal IPRC Astillero 2350 430763 4804795 211 157 239 0 0
Altamira CCAL Camargo 1500 430598 4806234 248 56 164 106 0




Distance Degrees

UTM X UTMY Students Students Students Students

School Reference District from FeMn (m) (m) from FeMn 3.5 6-11 12 - 15 16 -17
plant (m) plant

Sagrada Familia CCSF Camargo 3150 430310 4809494 326 137 320 172 0

Andrés Arche del Valle EIAA Camargo 5700 427168 4809825 301 22 0 0 0

Agapito Cagigas IPAC Camargo 1800 430404 4806207 248 77 119 0 0

Arenas IPAR Camargo 5400 426686 4806046 261 24 32 0 0

Gloria Fuertes IPGF Camargo 2250 430903 4808868 331 188 336 0 0

Juan de Herrera IPJH Camargo 500 432188 4807348 17 83 254 0 0

Mateo Escagedo Salmoén IPES Camargo 3600 429400 4809304 313 142 318 0 0

Matilde de la Torre IPMT Camargo 850 431252 4807316 301 169 376 0 0

Pedro Velarde IPPV Camargo 750 431430 4807365 310 203 325 0 0

Marina de Cudeyo IPCU MCaJ;”e"’;Se 7000 438890 4808035 80 126 217 0 0

Bajo Pas IPBP Piélagos 8400 423642 4807327 273 174 294 0 0

Eutiquio Ramos IPER Piélagos 5900 427640 4802946 228 26 9 0 0

Las Dunas IPLD Piélagos 9550 424463 4812666 307 167 342 0 0

Nuestra Sefiora de Latas IPSL R'b:ImNc]’:rta" 10500 441179 4812007 60 142 251 0 0

Liceo San Juan de la Canal ccoL  Santacruz 8000 427247 4813345 323 29 84 0 0
de Bezana

Buenaventura Gonzalez g SantaCruz 6200 426832 4810241 303 256 450 0 0
de Bezana

José Escandon g Santacruz 7300 427595 4812687 322 213 194 0 0
de Bezana

Maria Torner IpTo  SantaCruz 7000 425397 4809110 288 121 146 0 0
de Bezana

Marcial Solana IPSO Villaescusa 4700 430515 4802395 198 99 196 0 0

Apostolado del Sagrado Corazon ccco CTZZ;C; 10500 441773 4802831 112 106 186 0 0

, Medio
Ave Maria CCAM 9150 440554 4803791 109 11 0 0 0

Cudeyo




Distance Degrees

School Reference District from FeMn UTM X UTMY from FeMn Students Students Students Students
(m) (m) 3-5 6-11 12-15 16-17
plant (m) plant

Medio
Torreanz CCTO 8900 439041 4801404 127 160 324 0 0

Cudeyo

. . Medio
Marqués de Valdecilla IPMV Cudeyo 8950 440258 4803203 113 179 292 0 0
Alberto Pico ESAP Santander 4800 433286 4811534 14 0 0 202 102
Alisal ESAL Santander 5400 430730 4812099 346 0 0 176 71
Augusto Gonzalez de Linares ESAG Santander 4150 431138 4810886 347 0 0 216 98
Cantabria ESCA Santander 5800 432320 4812633 2 0 0 280 93
José Maria Pereda ESIM Santander 5950 433403 4812650 13 0 0 372 145
La Albericia ESBE Santander 5650 431349 4812413 353 0 0 257 184
Las Llamas ESLL Santander 7850 435839 4813747 28 0 0 287 257
Leonardo Torres Quevedo ESTQ Santander 5050 432276 4811890 2 0 0 350 323
Pefacastillo ESPE Santander 4100 430990 4810787 345 0 0 228 86
Santa Clara ESSC Santander 6350 434643 4812599 24 0 0 246 495
Villajunco ESVI Santander 7600 436108 4813262 32 0 0 310 120
El Astillero ESAS El Astillero 2200 433345 4805101 143 0 0 315 148
Nuestra Sefiora de los Remedios ESRE El Astillero 1050 432229 4805830 168 0 0 201 56
Muriendas ESMU Camargo 1850 430781 4808212 317 0 0 345 111
Ria del Carmen ESRC Camargo 1300 430721 4807070 280 0 0 320 97
Valle de Camargo ESVC Camargo 1400 430660 4807133 280 0 0 319 103
Ricardo Bernardo ESRB CMche“y(Z) 9000 440185 4803032 115 0 0 422 148
Valle de Piélagos ESPI Piélagos 10950 422677 4801078 238 0 0 378 165
La Marina EsmMa  SantaCruz 6200 427067 4810598 307 0 0 357 99
de Bezana

* Consejeria de Educacion, Cultura y Deporte del Gobierno de Cantabria. Estadistica de la Educacién en Cantabria. Curso 2015-16. http://www.educantabria.es/
(accessed 10 November 2017)
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