Proximity of residence to an old mineral storage
site in Chile and blood lead levels in children

Proximidad residencial con un viejo depésito
mineral en Chile y el nivel de plomo en
sangre de nifos

Proximidade residencial com um velho depésito
mineral no Chile e nivel de chumbo no
sangue em criangas

Abstract

Evidence suggests that an old mineral storage site removed in 1998 due to
high lead content, remains as a source of exposure in the city of Antofa-
gasta, Chile. The aim was to determine the association between blood lead
levels in children and the residential proximity to the old mineral stor-
age site. A cross sectional study was conducted with 185 children aged 7
to 16 years. The outcome variable was blood lead levels measured in 2005.
The exposure variable was the distance between the current residence and
the old mineral storage site. The distance was measured in meters by Geo-
graphic Information System (GIS). The median blood lead level in 2005
was 3.3ugldL (interquartile range — IQR: 2.0-4.3). A significant inverse as-
sociation was found between the residential distance to the old mineral
storage site and the blood lead levels in children, after adjusting by con-
Sfounders (p: -0.04; 95%CI: -0.09; -0.01). This result suggests that the old
mineral storage site continues to be a source of lead exposure for the chil-
dren living nearby.
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Introduction

Lead exposure causes detrimental health effects,
especially among susceptible populations 1.
Exposure to lead is associated with multiple
sources (batteries, industrial processes, paint,
water pipes, welding, and gasoline) and path-
ways (dust, soil, food, and air) 2. The main route
of absorption in children is digestive, due to their
hand-to-mouth behavior, making house dust
and soil important sources of exposure 3. Lead is
broadly distributed in the environment; its nat-
ural concentration in soil is less than 50ppm 4.
However, in areas near mining and smelting
sites, soil lead levels can range between 100 and
11,000ppm. The severity of soil pollution de-
pends on multiple factors including weather,
topography, and the specific industrial produc-
tion 56,7. Studies have shown that blood lead
levels in children are related to soil lead concen-
tration 89,10, For each 1,000ppm of lead concen-
tration in the soil, the blood lead level typically
increases 3-7pg/dL 411,

Antofagasta is a flat coastal city located in the
north of Chile. For decades, Antofagasta has been
the shipping port for minerals with lead content
which come from Bolivia by railroad. The com-
bination of uncovered mineral storage and the
location of densely populated areas nearby has
resulted in high exposure to lead through soil and
air contamination among children living near
the storage site 12. In 1998, children living 400m
around the mineral storage site at the railroad
yard were evaluated for blood lead. The median
blood lead level concentration was 8.7ug/dL
(range 1 to 42pg/dL) and the main risk factor of
having blood lead levels greater than 7.0nug/dL
was living less than 400m from the mineral stor-
age site [odds ratio (OR) 24.85; 95% confidence
interval (95%CI) 5.5-112.1] 13.

Based on this data, at the end of 1998, Antofa-
gasta’s Health Service took measures to reduce
exposure, including relocation of the storage site
to a less populated area, an educational cam-
paign focused on preventive measures in resi-
dential areas, and removal of a layer of soil in the
houses nearest to the mineral storage site 13. After
these measures, no samples of soil or blood were
collected to determine lead levels. Therefore, the
effectiveness of the measures implemented by
the Antofagasta Health Service is unknown.

In 2005, 44% of the 1998 cohort was re-eval-
uated (n = 192). In this sample (n = 192) it was
reported that 33.8% (n = 65) had changed their
residence within the urban area of Antofagasta
after 1998 14. The results showed a median blood
lead level of 3.2png/dL (interquartile range — IQR:
2.0-4.3pg/dL], however children who remained
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living in the same addresses had greater blood
lead levels (3.3ng/dL; IQR: 2.1-4.8ug/dL) com-
pared with children who moved after 1998 (2.9ug/
dL; IQR: 1.8-3.5ug/dL). These results suggested
that the old mineral storage site was still a source
of lead exposure. To test this hypothesis we con-
ducted a new study to determine the association
between children’s blood lead levels measured in
2005 and residential proximity to the old mineral
storage site.

Materials and methods

Design and study population

This is a cross-sectional study that was conduct-
ed in 2008 to determine the association between
children’s blood lead level measured in 2005 and
the distance from the children’s residence to the
old mineral storage site in 2005. The study sam-
ple was restricted to children who participated
in the 2005 study. These children in 1998 lived
within 400m of the mineral storage site. In 2005,
the Antofagasta Health Service provided us with
the names, addresses, and blood lead levels of
children who participated in the 1998 study. We
visited them, and we were able to locate and
enroll 192 children 14. Of these, 7 were excluded
from this analysis because their addresses were
not successfully geocoded in the map.

Outcome variable

The outcome variable was the blood lead con-
centration measured in 2005. The sample col-
lection method has been detailed elsewhere 14.
Briefly, blood samples were collected by a trained
nurse via a finger-prick. Samples were stored at
4°C and were sent to the laboratory of environ-
mental chemistry of the Metropolitan Health
Service. Samples were analyzed within 48 hours
by Anodic stripping voltammetry technique
(ESA Laboratories, Chelmsford, USA), a method
used in previous studies 9,1516,17,18,19, This tech-
nique uses a device which measure blood lead
concentrations between 1 to 65ug/dL and was
previously validated in Chile obtaining a cor-
relation coefficient of 0.82 compared with the
gold standard 20.

Exposure variable

The exposure variable was the distance between
the children’s address registered in 2005 and the
old mineral storage site. To assess the distance,
the area of storage site was identified through a
photogrammetric model in a 1:5,000 scale. Using
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a Geographic Information System (GIS), the area  the storage site and each residential addresses
was geocoded and its surface and central point ~ were estimated (Figure 1).

were determined. The 185 residential addresses
for each child were geocoded as well. Finally, the
distance (meters) between the central point of

Figure 1

Distance between current residence and the old mineral storage site. Antofagasta, Chile.
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Covariates

Information about covariates was obtained
through a questionnaire given to the parents in
2005. Information collected included data on
age, sex, maternal education, number of house-
hold members, number of siblings, ownership
of household items, home ownership, type of
school attended by the children and change of
residence after 1998.

Environmental samples

In order to explore soil and dust lead concentra-
tions near to the old mineral storage site, we col-
lected soil (n = 13) and dust samples (n = 13). The
samples were taken in three concentric rings cir-
cling the old mineral storage location. These rings
included an internal one 200m from the storage
site, a central one 400m from the site storage, and
an external one 600m from the site. Addition-
ally, two control samples (of soil and dust) were
collected outside the urban area of Antofagasta,
where the concentration of lead was assumed not
to be associated with the old mineral storage site.
The soil samples were taken in a demarcated area
of 1m2. A clean steel shovel was used to extract
2cm of superficial soil that was then deposited in
a plastic container. The soil was then mixed and
a 300g sample was taken from the mixture. Dust
samples were taken from the roof of the residence
where precipitated dust tends to accumulate.
Both types of samples were stored in plastic and
hermetic bags and protected from sunlight and
humidity. Lead levels in the environmental sam-
ples were measured by an inductively coupled
plasma atomic emission spectroscopy (ICP-AES)
technique in the Geochemical Laboratory of the
Geology Department of University of Chile.

Statistical analysis

The main outcome variable was blood lead levels
in 2005; these were log-transformed for normal-
ity. Simple and multiple linear regression models
were fitted for blood lead levels and the distance
between the children’s residential address and
the old mineral storage site, with distance used as
the continuous variable. The variables associated
with blood lead levels with a p-value < 0.05, were
retained for the final model; these included age,
sex, blood lead levels in 1998 and maternal edu-
cation (years). Blood lead levels in 1998 were in-
cluded because we wished to determine whether
distance from the 2005 residence to the storage
site was still associated with blood lead levels in
2005, after taking into account levels at the time
the storage site was moved in 1998.
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Regression diagnostics to evaluate multi-
collinearity, homoscedasticity and normality of
residuals were explored in fitting the final mul-
tivariate models. Multicollinearity between the
predictor variables was assessed by using the
variance inflation factor (VIF), and was absent in
final models. Homoscedasticity was determined
by the White test 21 and showed that the variance
of residuals were constant. Finally, assessment of
distribution of residuals demonstrated a normal
distribution. Analyses of the data were performed
using Stata 10.0 statistical software (StataCorp LP,
College Station, USA).

The study was approved by the Ethics Re-
search Committee of the Faculty of Medicine at
the University of Chile.

Results

The median age of the study subjects was 12 years
in 2005, and the proportion of male and female
participants were roughly the same. The majority
of subjects attended public schools (58.7%). All
parents had an education of over 12 years; and a
high proportion of the families (51%) were home-
owners (Table 1).

In 2005, 67.6% of the study sample lived in
the same residential addresses registered in 1998
(Table 1) and among those who changed their
residential addresses (n = 60) 10% reported that
the main reason for moving was to decrease their
lead exposure.

Blood lead levels and demographic
covariates

The children who participated in the study (n =
185) had a median blood lead level of 3.3pug/dL
(2.0-4.3) in 2005. Lower blood lead levels were
observed in girls compared to boys, in older chil-
dren, in children who attended private schools
compared to those who attended public schools,
in children of mothers with lower level of educa-
tion, and in children who had moved from their
houses after 1998 (3.0pg/dL) compared to those
who remained living in the same place (3.4pg/
dL) (Table 2).

Distance

The median distance between the central point
of the storage site and each of the 185 residential
addresses was 572.6 meters (IQR: 340.8-1,036.5).
Within the group who changed their residential
address (n = 60), the median distance between
the new residence and the storage site was 2,041
meters (IQR: 460.5-4,731.2). On the other hand,



Table 1

BLOOD LEAD LEVELS RELATED TO RESIDENTIAL PROXIMITY TO A SOURCE OF LEAD

Children’s and families’ characteristics.

Median IQR %
Age 12 10-13
Sex
Female 48.1
Male 51.9
School
Public 58.7
Private 41.3
Marital status of mother
Single 21.4
Married 60.3
Living with a partner 7.2
Widow 9.5
Other 1.6
Maternal education (years) 12.5 12-15
Paternal education (years) 14.0 12-16
Home ownership
Owner 51.1
Rent 16.5
Staying with relatives 28.0
Other 4.4
Change of residence after 1998
Yes 32.4
No 67.6
Household income (USD) 653 327-1,203
Number of household members 5 4-5

IQR: interquartile range.

the median distance in the group who remained
living in the same residence as in 1998 (n = 125)
was 465.1m (IQR: 284.4-664.4).

Association between blood lead levels
and distance

Simple linear regression models were used to
identify the variables related with blood lead lev-
els in 2005. In the crude analysis an inverse and
significant association was identified between
the blood lead levels in 2005 and the residential
distance to the old mineral storage site (Table
3). The 2.5% of the variance of blood lead levels
measured in 2005 correspond to distance. Sex,
age, blood lead levels in 1998, maternal educa-
tion, number of household members, ownership
ofhousehold items, home ownership, and type of
school attended by the children were the variables
that showed a statistically significant association
with the blood lead level in 2005 (p-value < 0.05).
Because the variables measuring socioeconomic

status were closely related (p-value = 0.0001),
we chose to use only maternal education (the
strongest predictor among the socioeconomic
variables) as a proxy of socioeconomic status.
Thus, in the final model the variables included
were residential distance to the old mineral stor-
age site, age, sex, blood lead levels in 1998, and
maternal education. An inverse and significant
association was identified between the blood
lead levels in 2005 and the residential distance in
meters to the old mineral storage site (§ = -0.04;
p-value = 0.042) (Table 3). The variables included
in the model together explain 29% of the variance
of blood lead levels measured in 2005.

Environmental samples

As noted above, soil and dust samples were geo-
coded in concentric three ring formations cir-
cling the old mineral storage site, with the aim
of exploring soil and dust lead concentrations
related to the potential residual pollution of the
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Table 2

Descriptive analyses of blood lead level (ug/dL) and sociodemographic variables.

Variable Median IQR Minimum Maximum
Sex
Male 3.5 2.4-5.0 1.0 13.2
Female 2.4 1.7-3.7 0.5 14.0
Age (years)
5-11 3.2 2.0-4.5 0.8 14.0
12-16 3.4 2.1-4.3 0.6 13.2
School
Public 3.5 2.4-5.0 0.5 14.0
Private 2.3 1.6-3.4 0.6 6.8
Maternal education (years)
5-10 4.8 3.6-6.2 1.2 13.2
11-15 3.1 2.0-3.8 0.5 10.6
16-23 3.0 1.8-5.0 1.0 14.0
Blood lead level in 2005 if change of residence
after 1998
No 3.4 2.1-4.8 0.5 14.0
Yes 3.0 1.8-3.5 0.6 10.6

IQR: interquartile range.

Table 3

Association between blood lead levels (ug/dL) and distance between residence and the old mineral storage site in children

aged 7-16 years.

Variable B+ SE 95%Cl
Distance (crude analysis) -0.05 £ 0.02 -0.10; 0.005
Distance (multivariable analysis) * -0.04 = 0.02 -0.09; 0.010

95%Cl: 95% confidence interval; SE: standard error.

* Variables included in the multiple linear regression model: age, sex, blood lead levels in 1998 and maternal

education (years).

environment. The median of the dust samples
was 1,300ppm (IQR: 637-1,600), with a minimum
of 173ppm and a maximum of 3,758ppm. 54% of
the samples (n = 7) evaluated exceeded the inter-
nationalnormof1,200ppmin precipitated dust22.
The samples of soil showed a median of 132ppm
(IQR: 88-227), with a minimum of 57ppm and
a maximum of 1,006ppm. 15.4% of the samples
(n = 2) exceeded the international norm of
400ppm in soil 22. A relationship between lead
concentration and the distance to the old min-
eral storage site was observed. Lower lead con-
centrations were found in dust and soil samples
at greater distances (Table 4). The median lead
concentration in the dust samples was more than
nine times greater than the concentration found
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in the control samples, while for the soil samples
it was three times higher.

Discussion

These results, based on soil and dust samples,
clearly indicate that the area surrounding the old
mineral storage site is still contaminated with
lead. 54% of dust samples exceeded the inter-
national norms of 1,200ppm and 15.4% of soil
samples exceeded the international norm of 400
ppm 22. For both cases, a decreasing lead level
was found as the samples were taken further
from the old mineral storage site.



Table 4

BLOOD LEAD LEVELS RELATED TO RESIDENTIAL PROXIMITY TO A SOURCE OF LEAD

Lead concentration (ppm) in dust and soil samples in relation to proximity to the old mineral storage site.

Type of sample Median (minimum-maximum)

Within 200m Between 201m and 400m Between 401m and 600m  Control sample
Dust 1,386 (878-3,758) 974 (285-1716) 786 (637-934) 141
Soil 227 (79-1,006) 162.8 (59-386) 117 (57-177) 39

These results are consistent with studies re-
porting that when lead falls into the soil, it strong-
ly sticks to the soil particles and is retained in the
most superficial portion of soil. The lead then
remains in the environment due to its proper-
ties of non-biodegradation 45623, Moreover, the
weather conditions in Antofagasta may increase
the persistence of lead because the mean annual
precipitation is less than 5mm, preventing the
upper soil from being washed away.

We found that, even after removal of the
lead storage in 1998, and adjusting for children’s
blood lead in 1998, distance from the old stor-
age sites was inversely and significantly associ-
ated with children’s blood lead measured in 2005.
These results indicate that the lead exposure con-
tinued in children after removal of the storage
site, presumably from soil and dust. The results in
the present research correspond with a number
of studies carried out previously 6:818. However,
those studies are of lead sources with ongoing
exposure, in contrast to our study that shows that
even after the removal of the source of exposure,
exposure continues. One of these studies, con-
ducted in North Lake Macquarie, Australia, used
the same GIS procedure to correlate blood lead
levels with the distance of a lead contaminated
source (a foundry). The study reported the pres-
ence of an inverse and significant relationship
between blood lead level in children aged 1 to 3
and the distance to the foundry. A blood lead lev-
el decrease of 3.08pug/dL was estimated for each
kilometer of distance from the foundry 8. Simi-
lar results regarding distance from a lead source
were found in the metropolitan areas of Callao
and Lima, Peru 18,

Other studies have shown that even without
a point source of lead pollution, exposure is re-
lated to dust lead levels, as in the research con-
ducted by Lanphear et al. 19 in Cincinnati, Ohio,
United States. In the latter, the research team
evaluated indoor lead pollution and blood lead
levels in children aged 12 to 31 months. These
authors indicated that lead-contaminating floor
dust, rental status and housing conditions were

housing characteristics that were associated with
blood lead levels higher than 10pug/dL 19.

The results of our study show that, although
mitigation measures conducted by the health
authorities after 1998 were able to reduce lead
exposure, they were probably not enough. Fur-
ther studies measuring soil and blood samples
in children born after removal of the storage site
may have helped to identify if lead exposure was
still present.

Study limitations

In our study, the residential distribution was not
representative; as shown in Figure 1, most of the
sample lived near the storage site. A random se-
lection of the study population would have been
preferable. Nonetheless, despite the low variabil-
ity in the distance, an inverse and significant as-
sociation was found between blood lead levels
and the residential distance to the old mineral
storage site. A second limitation is the age of the
subjects. Children in our study had a median age
of 12 years with a range of 7 to 16 years. The lit-
erature has shown that at younger ages (2-4 years
old), children have an increased risk of higher
blood lead concentration mainly due to physio-
logical and behavioral factors 16. Once lead enters
the body, children absorb more of it, attaining
higher blood lead levels compared with adults
with the same ingestion. Considering this physi-
ologic susceptibility, it is possible that the inclu-
sion of younger children in new studies could
raise the median blood lead concentration found
in the study. If this were the case, itis unlikely that
the magnitude of the association between blood
lead level measured in 2005 and distance to the
old mineral storage site would have changed.
Time of exposure is another factor to con-
sider. While blood lead levels have shown to be
a good biomarker of short term exposure, some
studies describe the auto-intoxication created by
the endogenous release of lead from bones 16.
This suggests that current blood lead con-
centration may in part be due to osteolysis in
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addition to environmental exposure. Although
we adjusted for blood lead levels in 1998, it might
have been preferable to evaluate a sample with
children born after 1998, which could help to
distinguish between later exposure and exposure
before removal from the storage site.

Strengths

A particular strength is the use of GIS as a tool
applied to epidemiology, which at the time of the
study had been little used in Chile. The use of
this methodology allowed us to measure the ex-
posure variable (distance) more accurately and
identify a range of possible values. This makes it
possible to diminish misclassification bias that
would result from the use of a dichotomous ex-
posure variable such as change of address. In fact
the relationship between blood lead concentra-
tion in 2005 and change of address was not sig-
nificant (p-value = 0.127) whereas with distance
was significant (p-value = 0.029).
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Conclusions

The present study shows an inverse association
between blood lead levels in 2005 and the dis-
tance between the housing and the mineral stor-
age site where lead was stored before 1998. This
association, together with the result of the en-
vironmental samples, indicates that this zone is
still a source of lead exposure. New studies need
to be conducted to evaluate the current blood
lead levels in children born after the mineral stor-
age site was removed in 1998. In addition, an en-
vironmental study should be conducted to evalu-
ate possible new measures such as cleaning the
contaminated zone as well as houses surround-
ing the old mineral storage site.
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Resumen

Evidencia sugiere que un antiguo sitio de acopio de
minerales removido en 1998 por el alto contenido de
plomo, atin seria una fuente de exposicion en la ciu-
dad de Antofagasta, Chile. El objetivo fue determinar
la asociacion entre la concentracion de plomo en san-
grey la distancia entre la vivienda actual y el antiguo
sitio de acopio. Se realizo un estudio de disefio trans-
versal con 185 nifios de 7 a 16 afios. La variable depen-
diente fue la concentracion de plomo sanguineo, me-
dida el 2005. La variable de exposicion fue la distancia
entre la vivienda actual y el antiguo sitio de acopio.
Esta distancia fue medida en metros mediante Sistema
de Informacion Geogrdfica (SIG). La concentracion de
plomo en sangre fue de 3,3ug/dL (rango intercuartil —
RIC: 2,0-4,3). Se encontroé una relacion inversa y sig-
nificativa entre la distancia de la vivienda al antiguo
sitio de acopio y la concentracion de plomo sanguineo
(B: -0,04; 1C95%: -0,09; -0,01). Este resultado sugiere
que el antiguo sitio de acopio de minerales sigue sien-
do una fuente de exposicion a plomo.

Plomo; Exposicion a Riesgos Ambientales; Nifio;
Sistemas de Informacion Geogrdfica
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Resumo

A evidéncia sugere que um depdsito de minerais re-
movido em 1998 por seu alto teor de chumbo ainda
poderia ser uma fonte relevante de exposi¢do a es-
te metal, na cidade de Antofagasta, Chile. O objetivo
deste trabalho foi determinar a associagdo entre a dis-
tancia da residéncia até o antigo depdsito e a concen-
tragdo de chumbo no sangue. Estudo transversal com
185 criangas de 7-16 anos. A varidvel dependente foi a
concentragdo de chumbo no sangue medido em 2005;
a exposigdo foi a distancia (metros) entre a residéncia
atual e o antigo depdsito de chumbo, obtida por meio
do Sistema de Informagdo Geogrdfica (SIG). A concen-
tragdo de chumbo no sangue foi de 3,3ug/dL (intervalo
interquartil — IQR: 2,0-4.3). Constatou-se uma relagdo
inversa entre a distdncia da casa para o antigo local
de recolha e a concentragdo de chumbo no sangue
(B: -0,04; IC95%: -0,09; -0,01). Esse resultado confirma
que o antigo lugar de armazenagem do minério conti-
nua a ser uma fonte relevante de exposigdo ao chumbo.

Chumbo; Exposicao Ambiental; Crianga; Sistemas de
Informagao Geogrdfica

Submitted on 04/Mar/2015
Final version resubmitted on 22/Aug/2015
Approved on 21/Sep/2015



