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Abstract
Urban and rural areas may have different levels of environmental contamination and different
potential sources of exposure. Many metals, i.e., arsenic (As), lead (Pb), and mercury (Hg), have
well-documented negative neurological effects, and the developing fetus and young children are
particularly at risk. Using a database of mother and child pairs, three areas were identified: a rural
area with no increased prevalence of mental retardation and developmental delay (MR/DD) (Area
A), and a rural area (Area B) and an urban area (Area C) with significantly higher prevalence of MR/
DD in children as compared to the state-wide average. Areas were mapped and surface soil samples
were collected from nodes of the uniform grid. Samples were analyzed for As, barium (Ba), beryllium
(Be), chromium (Cr), copper (Cu), Pb, manganese (Mn), nickel (Ni), and Hg concentrations, and for
soil toxicity and correlated to identify potential common sources. ArcGIS® was used to determine
distances between sample locations and industrial facilities, which were correlated with both metal
concentrations and soil toxicity. Results indicated that all metal concentrations (except Be and Hg)
in Area C were significantly greater than those in Areas A and B (p ≤ 0.0001) and that Area C had
fewer correlations between metals suggesting more varied sources of metals than in rural areas. Area
C also had a large number of facilities whose distances were significantly correlated with metals,
particularly Cr (maximum r = 0.33; p = 0.0002), and with soil toxicity (maximum r = 0.25; p = 0.007)
over a large spatial scale. Arsenic was not associated with distance to any facility and may have
different anthropogenic, or a natural source. In contrast to Area C, both rural areas had lower
concentrations of metals, lower soil toxicity, and a small number of facilities with significant
associations between distance and soil metals.
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Introduction
In urban areas, industrial sources with specific releases of metals often impact surrounding
soils (Douay et al., 2007) and these soils may pose a health risk. Pilgrim and Schroeder
(1997) measured elevated concentrations of Cd, Cu, Pb, and Zn in urban areas, and Chen et al.
(1997) found urban soils to have significantly higher mean As, Cd, Cu, Pb, and Zn
concentrations than forest and rural soils, although some forest soils also contained elevated
concentrations of As, Cu, and Pb. Most metals found in urban and rural soils have both natural
and anthropogenic sources, and thus are site-specific; source identification is needed to
effectively mitigate and reduce potential human exposure.

In many cases, children and pregnant women are most susceptible to negative health effects
from metals in soils (Calderón et al., 2003). The neurological effects of Pb, As, and mercury
(Hg) have been well documented (Abernathy et al., 1999; Factor-Litvak et al., 1999;
Wasserman et al., 2004; Rothenberg and Rothenberg, 2005; Trasande et al., 2005), but other
metals, such as Cr, Cu, and Ni, also may have potential negative neurological impacts
(Rowbotham et al., 2000; ATSDR, 2008). Caussy et al. (2003) reported that for As, soil and
dust were relevant media and water was a highly relevant medium for exposure. Soils and dust
also were relevant media for exposure to Cr, Pb and Hg compared to air, water, and food,
particularly for Pb due to soil ingestion by toddlers. Soil metals in urban areas may be
bioavailable, as elevated blood concentrations of Pb in children (Thornton et al., 1990; Mielke
et al., 2007) and Cd in adults (Hogervorst et al., 2007) have been associated with soil metal
concentrations. The associated increased risk to human health and potential negative health
effects due to toxic metals in soils is of concern for exposed, and in particular susceptible,
populations.

This study is part of a broader study which is investigating concentrations of metals in soils
over large spatial scales as a general indicator of environmental insult, and associations of
metal concentrations and toxicity with incidences of mental retardation and developmental
delay (MR/DD) in children. The prevalence of MR in the US during late childhood has been
reported to be 1–2 % of the population during the past decade, but there is substantial variation
in the literature (McDermott et al., 2007). Sturm et al. (2003) found geographical variations in
mental health needs for children, with need varying from ~5 % in New Jersey to as high as 9.5
% for Mississippi (national average of 7.1 %). When the broader category of developmental
delay (DD) is included, depending on the population surveyed and the methods used, the
estimate of MR/DD prevalence ranges from 10–15 % of school age children (McLaren and
Bryson, 1987; Drillen et al, 1988; Simeonsson and Sharp, 1992; Massey and McDermott,
1996; Stevenson, 1996).

In the current study, we compared concentrations of metals and soil toxicity in urban and rural
areas (both with MR/DD risk significantly greater than background risk), and in a reference
rural area (with MR/DD risk similar to that of the state average) to determine whether the urban
area had greater soil toxicity and concentrations of metals than the rural areas, and whether
greater concentrations of metals were associated with the MR/DD clusters compared to the
reference area. Within each area, correlations between metals were used as an indication of
commonality of metal sources, which could be anthropogenic or natural. Finally, the distance
between the locations of industrial facilities to the soil metal concentrations and soil toxicity
values at each sampling location were correlated within each area. Soils were not collected at
the residences of case and control mother-child pairs, nor in close proximity to industrial
facilities, but instead were collected on a regularly-spaced spatial grid throughout the MR/DD
cluster and reference areas. The intent of this study was not to identify a particular facility that
could be polluting a defined area and contributing to the MR/DD outcome. Rather, we
investigated the potential of both natural and anthropogenic sources to contribute to soil metal
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concentrations and soil toxicity, and whether metals were distributed differently within MR/
DD and reference areas in order to make recommendations to reduce sources and human
exposure via surface soils.

Materials and Methods
All study areas were established by address matching records to determine MR/DD risk for
each month of pregnancy for the years 1996–2001. All known causes (e.g. genetic and
chromosomal syndromes, traumatic or infectious causes) of MR/DD were removed from the
database and only unknown causes of MR/DD were retained. Based on Bayesian hierarchical
modeling, which uses a local likelihood parameter, clusters of MR/DD were identified using
methods described by Zhen et al. (2008). With this method, cluster areas are not restricted to
circular areas but instead are defined by irregular shapes as determined by the accumulation
of cases versus controls within the areas. A second benefit of the Bayesian modeling is that a
continuous risk map is generated in which outcome risk gradients are identified within each
cluster area.

One reference and two MR/DD cluster sites were identified for study in a state located in the
Southeastern USA. The average MR/DD prevalence rate for Area A (0.14), the reference area,
was not different than the state background prevalence rate (0.19). MR/DD prevalence rates
for Areas B (0.49) and C (0.25) were significantly higher than that of the state background. An
area that cut through the identified MR/DD clusters and through different gradients of MR/DD
risk were selected for soil sampling. Sampling was based on a regular grid throughout each
area; thus soil sampling nodes were not associated directly with locations of cases and controls
within the areas because the residence locations and identity of the study population were
confidential for the soil sampling component of the study. The nodes were mapped using
ArcGIS® Version 9.2 software (ESRI, 1999–2005). City, county, and road map layers were
added to the map for navigation purposes. Sampling occurred as close to 120 grid nodes as
possible (Aelion et al., 2008).

An urban area is defined as a location within an urbanized area (UA) or urbanized cluster (US
Census, 2002). An UA has a residential population of at least 50,000, an overall population
density of at least 1000 people per square mile, and surrounding census blocks that have an
overall density of at least 500 people per square mile. The US Census defines a rural location
as one that is not defined as urban. Area A is a rural area of approximately 500 km2 (55 km ×
9 km). Two small towns (population ~15,000) are located in Area A and land cover and use
are mainly agriculture/crop land and forests, and some residential and industrial areas. Area B
is a rural area of approximately 105 km2 (13 km × 8 km). One small town (population ~2000)
is located in the eastern part of Area B and land cover and use are mostly agriculture/crop land
and forests with few residential areas. Area C is designated as an urban area by the US Census.
It has an area of approximately 120 km2 (11 km × 11 km). A city (population ~40,000) is
located in the area, and the population of the US Census Metropolitan Statistical Area including
this city is approximately 300,000. Land use and cover are mostly urban residential,
commercial, and industrial.

Area A individual sampling locations were approximately 3–4 km apart for the metals and 1–
2 km for the toxicity analyses. Distances between sampling locations were variable in Area B
due to primarily agricultural land use and lack of roads, which made some of the nodes on the
sampling grid inaccessible; however, most sampling sites were approximately 1–2 km apart.
Area C individual sampling locations were 1–2 km apart. Since not all sampling could occur
at the exact grid node due to inaccessibility, the actual sampling locations were mapped using
ArcGIS®, as were metal concentrations and MST values for each sample location.
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For metal analysis, between 20 and 50 g of surface (upper 5 cm) soil were collected at each
sample location. Leaf litter and other debris were removed before sampling. Samples were
collected with sterile spatulas (Bel-Art, Pequannock, NJ, USA) and placed in sterile Whirl-
Pak® bags (Nasco, Fort Atkinson, WI, USA). Samples were stored on ice and refrigerated
upon return to the lab. Duplicate samples were collected at 10 % of sampling locations. A GPS
unit (Garmin, Olathe, KS, USA) was used to record the exact latitude/longitude of the sampling
location.

Within a week of soil collection, a portion of each soil sample was sent to Pace Analytical
Laboratory (Huntersville, NC, USA) for sample digestion and analysis of As, Ba, Be, Cr, Cu,
Pb, Mn, Ni (EPA method 3050) and Hg (EPA method 7471) with inductively coupled plasma-
emission spectroscopy (ICP-ES). Soils collected from every other node throughout the entire
area of Area A (60 of 119 soil samples) were analyzed for metals. All samples from Area B
(114) and Area C (119) were analyzed for metals. Metal concentrations were reported in mg
kg−1 dry weight (mg kgminus;1 dw). Detection limits were ≤ 0.5 mg kg−1 dw for each metal,
and any samples with concentrations below the detection limit were set to 0 for further analyses.
Field duplicate and blank samples were sent to Pace Analytical and laboratory duplicate, blank,
control, and matrix-spiked samples were analyzed by Pace Analytical for QA/QC.

A portion of each sample was also prepared for a general toxicity analysis using the Microtox®
Toxicity System (Aelion and Davis, 2007) within three weeks of collection. Microtox® is a
general toxicity test that uses a decrease in the luminescence of the bacterium Vibrio fischeri
to calculate an effective concentrations (EC50) at which luminescence is decreased by 50 %.
All samples collected in each area were analyzed using Microtox®. For Area A, pH was not
adjusted before Microtox® analysis. For Areas B and C, pH was adjusted to 6–7 by adding 7
g of soil to 35 mL Microtox® diluent (pH ≈ 7), mixing for 15 min with a magnetic stirring bar,
measuring initial pH, and adding 5N sodium hydroxide (NaOH) until the desired pH range was
reached. pH was measured with an Orion Ross pH probe (Thermo Scientific, Waltham, MA,
USA) and calibrated based on the manufacturer’s instructions. The initial and final soil pH
values were recorded for these areas. After pH adjustment, Area B and C samples were analyzed
using Microtox®. Because EC50 values (mg L−1) are non-linear, they were log transformed
and will henceforth be referred to as Microtox Soil Toxicity (MST) values. Due to the inverse
nature of MST values, a lower number indicates higher toxicity, i.e., a lower concentration of
the sample causes a 50 % reduction in luminescence.

To determine distances to industrial facilities from sampling locations, the latitudes and
longitudes of facilities of interest were obtained from the US Environmental Protection Agency
(EPA) Toxic Release Inventory (TRI) using 2005 data, which were the most recent data
available when the study was conducted (EPA, 2008). Of 49 total facilities of interest, all except
two were in existence from 1996–2001, during which data for MR/DD cluster identification
were collected. Facilities had to meet three location criteria: be located in the county(s) in which
the areas fell, be within at least 20 km of one sampling location, and be west of at least one
sampling location, due to the west-to-east prevailing wind direction and weather patterns
typically experienced in the area. The total numbers of TRI facilities identified for each area
were 10 for Area A, two for Area B, and 37 for Area C. These facilities were mapped, and
distances were calculated in km from each area-specific facility latitude/longitude coordinate
to each sampling location latitude/longitude coordinate in that respective area using ArcGIS®.
Therefore, there was a distance calculated to each facility attributed to each soil sample
location. Information on facility on- and off-site releases for individual chemicals was also
obtained from TRI reports.

Metal concentrations from Areas A, C, and pH-adjusted MST values from Areas B and C were
compared by area using analysis of variance (ANOVA) in SAS® Version 9.1 (SAS Institute,
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2002–2003); a p-value of ≤ 0.05 was used to determine significance. Pearson correlations were
carried out for each area for all measured metal concentrations, MST values (Areas B and C
only), and distances from facilities to sampling nodes using PROC CORR in SAS; a p-value
of ≤ 0.05 was used to determine significance of the correlations.

Results
Soil Metal Concentrations, Toxicity and Potential Sources

Beryllium concentrations were not significantly different between any of the areas (Table 1),
and both Areas B and C had high percentages of non-detectable samples (98 % and 99 %,
respectively) (data not shown). Metal concentrations of As, Ba, Cr, Cu, Pb, Mn and Ni were
statistically greater in the urban MR/DD cluster Area C than the rural Areas A and B
(p<0.0001). For Mn, Area A concentrations also were significantly greater than Area B
concentrations (p<0.0001). Mercury concentrations were not significantly different between
areas (p=0.06). For most metals, Area C had average concentrations at least three times higher
than Area A concentrations and at least four times higher than Area B concentrations.
Concentration and quartile ranges were also greater for Area C for most metals (Table 1). Area
B had the highest percentages of samples below reportable concentration limits (except for Be
and Hg) for all locations. Lead and Ba were detected in all samples of Areas A, B and C, and
Cu, Cr and Mn were detected in all samples of Areas A and C; As was also detected in all
samples of Area C (data not shown).

Metal concentrations were compared to EPA Region 9 Preliminary Remediation Goals (PRG),
which provide residential and industrial soil limits for inorganic and organic pollutants. Area
A, B and C mean As concentrations were higher than the residential soil limit of 0.39 mg
kg−1 (Table 1). The Area C mean was also three times higher than the industrial As limit (1.6
mg kg−1; data not shown). For Areas A, B, and C, 82 %, 72 % and 100 % of samples,
respectively, had As concentrations greater than the residential limit, and 30 %, 13 %, and 92
% had As concentrations greater than the industrial limit. No other metal concentrations from
Areas A, B or C were above the PRG residential soil limits (Table 1).

Only soil from Areas B and C were pH adjusted for Microtox® toxicity measurements and
therefore only these MST values were compared statistically. For Areas B and C, initial soil
pH means were 4.3 and 5.8, respectively, and initial pH was significantly greater (more
alkaline) for Area C than B (p<0.0001; Table 1). Area C had significantly lower MST (more
toxic) values than Area B (Table 1).

A number of significant correlations (p ≤ 0.05) between metals, and between MST values and
individual metal concentrations was measured within each area. MST values were not included
in the correlation analysis for Area A. Beryllium was not included in correlation analyses for
Areas B and C due to the high numbers of samples with non-detectable concentrations.
Therefore, there were 72 possible correlations between nine metals for Area A, and 72 possible
correlations for Areas B and C for eight metals and MST values. Area A had 34, Area B had
23, and Area C had nine significant correlations between metals and MST values. Area A had
the most significant correlations, with six metals (Ba, Be, Cu, Pb, Mn, and Ni) significantly
correlated with all other metals (Figure 1). All metals were correlated with at least one other
metal and the maximum correlation coefficients were 0.95 for Area A between Be and Ni, and
0.93 between Cu and Ni. For Area B, As and Pb concentrations were significantly correlated
with all other metals (Figure 1). For Area B all metals were correlated with at least one other
metal, and the maximum correlation coefficients were 0.57 between Ba and Mn, and 0.49
between Cu and Pb. Area C had the fewest significant correlations between metals and only
Ba, Cr, Cu, Pb, Mn, and Ni concentrations were correlated with at least one metal (Figure 1).
The maximum correlation coefficients were 0.77 between Cr and Ni, and 0.72 between Ba and
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Mn. Significant positive correlations between MST and Pb in Area A, and MST and Pb and
MST and Mn in Area C are not included in Figure 1. MST values were significantly negatively
correlated (r = −0.2) with Ni concentrations (increase in Ni concentration was associated with
an increase in toxicity) in Area B, and with Cr concentrations in Area C (r = −0.23).

Soil Metal Concentrations, Toxicity and Distances to TRI Facilities
In all areas, most of the TRI facilities investigated were manufacturing facilities. The distance
to at least one facility was significantly correlated with at least one metal in each area, and with
MST values in Area C only. In all cases, reported metals were negatively correlated with
distance (as distance away from a facility increased, metal concentrations decreased), and MST
values were positively correlated with distance (as distance away from a facility increased,
MST increased which equates to a decrease in soil toxicity). In Area A, Cu concentrations were
significantly correlated (p ≤ 0.05) with distances to two facilities, one of which had self-
reported on- or off-site releases of Cu in 2005 (Table 2). For the one facility that released Cu,
the EPA TRI reported 118 kg of Cu disposed of on-site (air and surface water) and ~34,500
kg transferred to an off-site landfill. In Area B, one facility distance was significantly correlated
with concentrations of Ba, Mn, and Hg (Table 2). However, there were no documented on- or
off-site releases of these metals from that facility in 2005. In Area C some facilities were located
in the same general area and their locations overlap on Figure 2. Multiple crosses identify these
locations. In Area C, 34 of 37 facility distances investigated were significantly correlated with
either metal concentrations or MST values (Figure 2). Nineteen facility distances were
correlated with MST values, and 29 were significantly correlated with Cr, three with Ba, three
with Pb, one with Mn, and four with Ni concentrations (Table 2). Of these significant
correlations, nine facilities had TRI-reported on- or off-site releases of the metals in 2005. Nine
facilities released Cr and one of these also released Ni (Table 2). For Cr, maximum on-site
releases to air and surface water were 45 kg, and maximum off-site releases to landfills, surface
impoundments, and publicly-owned treatment works (POTW) were 4240 kg in 2005. For Ni,
the facility released only 2.3 kg off-site in 2005. The facilities whose distances were
significantly correlated with MST values released a variety of organic and inorganic
compounds on- and off-site.

Of all metals measured, only As and Be concentrations were not significantly correlated with
distances to facilities in Areas A, B and C (Table 2). Area C had the most facility distances
correlated with metal concentrations and MST values, and there were notable groupings of
correlated facilities to the west of the sampling locations, especially for Cr and Ni
concentrations and MST values (Figure 2). MST values and Cr concentrations were correlated
with distance to facilities over large spatial areas in Area C. In contrast, Ba, Pb, Mn, and Ni
were correlated with distance to facilities over much smaller spatial areas. Manganese (data
not shown) was correlated to the distance to one facility that was shared by Ba and Pb (Figure
2).

Discussion
In this study we did not measure exposure of mothers or children to soils and metals due to
confidentiality issues. Instead we measured concentrations of metals and soil toxicity over a
uniform grid within identified areas. Of the three areas, the urban MR/DD cluster area (Area
C), had the highest concentrations of most measured metals in surface soils compared to the
rural MR/DD cluster area (Area B) and the reference area (Area A). Based on the pH-adjusted
general soil toxicity indicator from Areas B and C, Area C also had more toxic soils than those
collected from Area B.

In general, many of our urban Area C soils metal concentrations were similar to those measured
in other urban areas with much greater populations and with more potential anthropogenic
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sources. Li et al. (2004) measured Cr, Cu, Ni, and Pb concentration ranges in urban Hong Kong
top soil of approximately 8–92, 1–117, 5–40, and 12–360 mg kg−1, respectively, which were
similar to our Area C concentration ranges of the same metals. In urban parks in Seville, Spain,
Madrid et al., (2002) measured average Cr, Cu, Pb, Mn, and Ni concentrations of 248, 5, 4,
10, and 42 mg kg−1, respectively. Our mean Cu, Pb, and Mn concentrations for Area C were
greater (17, 45, and 260 mg kg−1, respectively), and our mean Area C Ni and Cr concentrations
were lower than those from Seville. Our urban area did not contain as large a city with respect
to size and population as those investigated by Li et al. (2004) or Madrid et al. (2002), but it
may be impacted by anthropogenic factors that are similar to those impacting other, more highly
populated and urbanized locations.

Mercury, Pb and As have been more closely linked with MR/DD than the other metals
measured in this study. The most important exposure to Hg is considered to be through the
ingestion of contaminated fish (Järup, 2003). In the current study, Hg concentrations were low
and fairly consistent among the three areas, and soil and associated dust may not be the most
important exposure pathway. Lead is a known neurotoxin and blood Pb levels in children have
been correlated with soil and dust Pb levels around the children’s homes (Thornton et al.
1990), and with urban soils in New Orleans, LA, USA (Mielke et al. 2007). The main sources
(leaded gasoline, paints, etc.) are more numerous in urban areas than rural areas. Lead
concentrations were three to four times higher in Area C than in Areas A and B. Arsenic has
been shown to impact neurological functioning due to ingestion of contaminated water
(Wasserman et al., 2004), and As exposure also has been documented in humans from highly
contaminated soils (Hinwood et al., 2004; Carrizales et al., 2006); however, soil As
concentrations in these studies averaged 120 and 790 mg kg−1, respectively, much higher than
As concentrations we measured. Arsenic was present in all samples from Area C and As
concentrations were three to four times greater in Area C than the other two areas. All As
concentrations measured in Area C and most from Areas A and B were greater than EPA PRG
residential soil limit.

Contaminant sources, whether anthropogenic or natural, are important to quantify in order to
establish preventive measures to reduce exposure. Correlations between metals can indicate
commonalties of source. Areas A and B had many more significant correlations between metals
than Area C, and all metals were correlated with at least one other metal in Areas A and B,
suggesting potential similar sources for these metals. Area C had fewer significant correlations
between metals which may indicate more potential metal sources in this urban area. Based on
cluster analysis, Chen et al. (1997) found that urban and orchard soils were more heavily
polluted by As, Cu, Pb, and Zn than other soils indicating commonality of agricultural sources.
Wong et al. (2002) observed a large number of significant correlations between metal
concentrations in high density agricultural soils in China, and concluded that the source of Cu,
Cr and Zn was geochemical and not anthropogenic. While correlations may indicate similar
sources of metals and point to natural occurrence or anthropogenic input, additional research
would be required to determine actual sources of metals in each area.

Industrial facilities may impact soil concentrations, as was found by Douay et al. (2007), who
identified a significant relation for cadmium (Cd) concentrations and distance (within ~1–2
km) of a former Zn smelter site, a highly significant point source of Cd, in Northern France.
The current study examined larger spatial distances and included many facilities with self-
reported on- and off-site releases of several chemicals; it did not focus on identifying one large
point-source facility. Of the 10 facilities examined in Area A, distances to only two were
marginally significantly correlated to soil Cu concentrations and only one facility had
documented on and off-site releases of Cu. Only two facilities were examined in Area B, and
neither had TRI-reported releases of Ba, Mn or Hg, the three metals to which distances from
the facilities were correlated. Area B also had no significant correlations between facility
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distances and MST values. In general, metal concentrations in soils from Areas A and B were
not strongly associated with distance to facilities. These rural areas may not have a sufficient
number of facilities to measure associations between metals and facility distance over large
spatial areas. The causes for the identified MR/DD cluster do not appear to be associated with
soil metals or soil toxicity in Area B.

For Area C, distances to facilities were significantly correlated with metals for which the
facilities had self-reported on- or off-site releases in 2005, and for the 10 year period preceding
2005. Within Area C, Ba, Pb and Mn were correlated with distance to facilities over small
spatial distances (< 5 km). However, there are no known industrial releases of Ba, Pb, and Mn
within the Area. Barium and Mn are expected to occur naturally and associations to industrial
facilities are not expected. Nickel also was correlated with distance to facilities over small
spatial distances (< 5 km), and the distance to one facility releasing Ni was significantly
correlated to concentrations of this metal in soils in Area C.

In Area C, distances to nine facilities releasing Cr were significantly correlated with measured
Cr concentrations in soils, indicating potential industrial Cr sources. Chromium was correlated
over large spatial scales (>20 km) as was the general soil toxicity indicator (MST), whose
correlations to facility distance overlapped geographically with Cr concentration associations.
Area C had significantly lower pH-adjusted MST values (more toxic) than Area B. For Area
C, 19 facility distances (all of which were located to the west of sampling locations) were
correlated with MST values. A variety of chemicals may be released from the facilities, any
of which may drive soil toxicity alone or synergistically. Although MST values were not highly
correlated with metal concentrations, soil toxicity was correlated with Cr in Area C. It appears
that for Area C, soils of high metal concentration and toxicity exist and have associations with
distance to facilities. While the majority of metals were disposed of off-site for facilities whose
distances were significantly correlated with metals, the potential for contamination due to waste
production at these sites cannot be discounted.

Significant correlations of metal concentrations to distance to facilities do not indicate that
these facilities are responsible for soil metal concentrations, nor that they have an impact on
negative human health outcomes. The significant relation is with the facility distance, not the
facility itself. Also at all our sites, As concentrations were greater than the PRG residential
limit at many sampling locations and thus are at higher concentrations than is desirable in
residential soils. Facility distances were not significantly correlated with As and few of the
facilities investigated produced As; this suggests a different anthropogenic (e.g., agricultural)
or natural source of As.

Clusters of MR/DD occur in both rural and urban areas; however, due to the small number of
births in rural areas, not only are these clusters more difficult to identify, but environmental
associations also may be more difficult to detect. In the rural cluster area (Area B), the number
of cases was small (4 cases of MR, 91 cases of DD and 181 total children) and the cluster was
identified based on the preponderance of DD diagnoses, an outcome that is less well-defined
than MR. It is possible that the rural Area B had an over-diagnosis of DD or a localized cluster
with no environmental component. It also is possible that the relevant anthropogenic or natural
contaminants were not measured, or that the sampling grid was not on an appropriate spatial
scale to capture environmental components at this location.

Fifty percent of MR cases have unknown causes (McDermott et al., 2007) and environmental
conditions may be a contributing factor to these cases. In order to determine whether any metals
or soil toxicity contribute directly to human exposure and MR/DD, additional studies would
be needed to quantify actual human exposures and uptake of suspect chemicals, as was done
by Mielke et al. (2007). Similarly, to determine if a specific facility is imparting metals and
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toxicity to surrounding soils, sampling would be required at that individual facility. However,
the focus of this study was not to identify individual facilities, but rather to identify whether,
on a large scale, distances to facilities were associated with metal concentrations and soil
toxicity in residential soils in areas with a known negative childhood health outcome based on
maternal residency during pregnancy. Based on the sampling grid used, and measurements of
specific metal concentrations and general soil toxicity values, it appears the association can be
made in the urban area, but not in the rural area studied.
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Figure 1.
Number of significant correlations for metal concentrations and Microtox® Soil Toxicity
(MST) values (by metal or MST) for Areas A, B and C. Nine metals were correlated in Area
A, and 8 metals (no Be was measured) and MST values in Areas B and C.
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Figure 2.
Locations of facilities (+) and soil samples (●) in Area C identifying approximate areas over
which distance to facility and metal concentrations and Microtox® Soil Toxicity (MST) were
correlated (p ≤ 0.05) as determined using ArcGIS® and SAS. All metals are labeled next to or
within boxes corresponding to facilities with distances significantly correlated to
concentrations of that metal (Mn not shown). Multiple facilities at one location are represented
by multiple +s so that ‡ represents two and ‡‡ represents four facilities in close proximity.
Facilities not included within boxes were not significantly correlated by distance to any metal
or MST value.
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Table 2
Numbers of significant correlations between individual metal concentrations and Microtox Soil Toxicity (MST) values,
and distance to facilities for Areas A, B and C.

Area A Area B Area C

MST NAa 0 19

As 0 0 0

Ba 0 1 (0)b 3 (0)

Be 0 0 0

Cr 0 0 29 (9)

Cu 2 (1) 0 0

Pb 0 0 3 (0)

Mn 0 1 (0) 1 (0)

Ni 0 0 4 (1)

Hg 0 1 (0) 0

Total No. Facility Distances 10 2 37
a
Not applicable (MST values not pH adjusted for Area A);

b
Number in parenthesis indicates the number of distances to facilities which were significantly correlated with metal concentrations with documented on/

off site releases of that metal for 2005.
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