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Abstract The spatial distribution of lead (Pb) contamination in soil was examined in Pike County, Alabama. Soil samples
were collected from 16 sites away (0.2 to 18.44 km) froma smelter. Distribution of Pb into the soil profile was also examined
in three sites close (within 3.0 km) to the s melter. Results showed that Pb contents (max. 199.8 mg kg™') in the topsoil were
strongly influenced by the distance from the s melter; with marked increase in values of Pb contents when the distance was
less than 3.0 km. Soil physical and chemical properties did not influence the spatial distribution of topsoil Pb contents.
Results revealed that in close vicinity (0.2 km) to the smelter Pb accumulates in the topsoil and in the E and Bt horizons. This
site had low soil pH (3.7) that may have contributed to the distribution of Pb in the E and Bt horizons. Controlled soil column
experiment demonstrated Pb mobility only in soil close (0.2 km) to the s melter. Lead concentration in the soil leachate was 71
pg L for the soil close to the smelter but was not detected in the leachate of the soil away (3.4 km) from the smelter. This

suggests that Pb in soil close to the smelter has potential to migrate through the soil profile.
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1. Introduction

Atmospheric deposition of lead (Pb) including leaded
gasoline and Pb-smelters has been associated with
widespread Pb contamination in soils in USA[1, 2, 3, 4].
Soils surrounding Pb-smelters are particularly prone to high
levels of Pb contamination[5]. Soil contamination by Pb may
have dire consequences such as loss of agricultural
productivity, diminished environmental quality and
contaminated water resources[4]. Lead has no known
biological role and there is a public concern about health
effects resulting from Pb pollution[6].

Topsoil is a major receptor of atmospheric Pb pollution[1].

Whereas road dust rich in Pb may be easily transported by
storm water into streams, Pb is quite persistent once
deposited in soils[7, 8]. The geochemical behavior of Pb in
soils such as downward movement through the soil profile is
influenced by soil physical and chemical properties[9]. Soil
pHaffects the mobility ofheavy metals in soil by influencing
the rate of solubility and adsorption to colloids[10, 11]. Lead
is particularly soluble and mobile in acidic soil[10, 11, 12].
Lead is typically persistent in organic layers of soils where it
forms strong complexes with soil organic carbon[13, 14, 15].
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The distribution of metal contaminants, with progressive
depth in soil profiles, can indicate downward movement of
metals that originate from surface deposition[16, 17, 18, 19].
In addition, migration of metals through soil profile can be
estimated under controlled condition by soil column
studies[20].

The overall spatial distribution of heavy metal
contamination, together with possible downward movement
of heavy metals through the soil profile provides crucial
information prior to remediation of contaminated soils[21,
22]. Soil remediation could involve phytoextraction[23, 24].
In order to assess the extent of the environmental impact of
the activities of the smelter in Troy the spatial distribution of
Pb in topsoilcontent at 16sites in Pike County, Alabama was
studied. In addition, distribution of Pb in different soil
horizon was examined in three sites close to the smelter to
obtain information on potential mobility of Pb through the
soil profile. Also, migration of Pb was estimated under
controlled conditions in a soil column study. Soil physical
and chemical properties were given special attention to
emphasize their significance in the evaluation of the
geochemical behavior of Pb in contaminated soils.

2. Materials and Methods

2.1. Study Area
The smelter in Troy (latitude 31.78627106°: longitude
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85.97862228°) mainly recycles Pb-acid batteries into refined
Pb alloys and has been operating since 1970. Emission data
fromthe EPA’s National Emission Inventory (NEI) database
for 2002 showed that the smelter in Troy emitted 4.43 tons of
Pb per year (tby)[25]. The study area containing the 16 sites
covered radial distances of approximately 18.44 km north
(N), 10.75 kmsouth (S), 9.75 km northwest (NW), and 18.4
kmnortheast (NE) fromthe smelter (Fig. 1a). The study area
included industrial site, urban, suburban and rural area.

2.2.Soil

Ultisols are the dominating soil type of much of the
southeastern USA. Ultisols are highly weathered soils with
distinctive horizons, strongly leached and have relatively
low fertility. Ultisols are typically acidic and average pH of
soils in Pike County was about 5.5[26].

Soil samples were collected using an Eldermeyer auger
fromthe A horizon (max 10 cmdepth). Three replicated soil
samples were collected fromeach site and each replicate was
taken 3 m apart. Secondly, the distribution of Pb in the soil
profile was examined in three sites. These sites were close to
the Smelter; Site 1 (600 m), Site 2 (1560 m) and, Site 3 (2840
m). At each site samples were collected from three soil pits
that were 3 m apart. At each soil pit five samples were
collected fromthree soil horizon (A, E and Bt). The soil type
of'these three sites was Lucy loamy well drained sand with a
depth of about 1.5 m[26]. The soil samples were stored in
Ziploc bags, kept in a cooler in the field to prevent
fermentation and exhaustion of carbon by microbial activity,
and then transferred to a refrigerator at 4°C for storage prior
to analysis.

2.3. Methodol ogy

The soil grain size was estimated by using standardized
soilsieves to separate the sand (0.05 to 2.0 mm), from the silt
and clay particles. The combined weight of silt and clay was
placed in a beaker, water was added and mixed, and silt was
allowed to settle for 15 minutes to the bottom of the beaker
while the clay was retained in suspension. The clay/water
solution was poured off and the silt was dried in an oven at
55°C ovemight. The dried silt was then weighed. Soil
samples were dried in an oven at 55°C to remove water prior
to determining the amount of soil organic carbon in the soil.
Soil organic carbon was estimated by the loss-on-ignition
(LOI) method by placing a known weight of dried soil in a
crucible that was placed in a muffler furnace (450°C) for 24
hours. The LOI is commonly used to estimate soil organic
carbon in soils with low clay content[27]. The soil pH was
determined using a pH meter (Orion model 290A plus). The
pH measurements were taken 30 minutes after mixing 20 g
of air-dried soil with 20 mL of deionized water[28]. The
cation exchange capacity (CEC) was estimated according
to[29].

The soil extraction process was a modification of the
procedure used by Soon and About[30]. Soil samples were
oven-dried for 12 hr at 55°C. Dry subsamples (4 g) were
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digested with 25 ml of concentrated HNO; (nitric acid) prior
to extraction. Samples were stirred for 2 hr at room
temperature. Samples were heated (90°C) to dryness. The
soil extraction solution (50 ml) was made up of 0.1 M HNO;
and 0.05 M Nay-EDTA (ethylene diamine tetraacetic acid).
The soil extraction solution was heated (90°C) and stirred for
30 min. The extraction solution was filtered (Whatman no.
11) using a vacuum pump. The filtered solutions were
analyzed for Pb wusing a flame atomic absorption
spectrometer (AAS) (Perkin Elmer AAS model 3100;
detection limit = 0.5 ppm) at the Chemistry Department of
Troy University, Troy, Alabama. To determine the recovery
rate of the extraction procedure, soil samples (n=5) were
spiked with known contents of Pb, after which Pb was
extracted from the soil. The percentage recoveries were
between 88-95% (75% of the samples > 91% recovery). In
order to check for drift in the AAS used in the determination
of Pb, standard solutions of known Pb contents and blank
samples were analyzed for every 5 samples. The AAS was
calibrated with Pb standard solutions prepared from Pb
atomic absorption standard solution (Sigma Aldrich Chem.
Company, Inc.) prior to Pb analysis. The extraction solutions
from the soil samples taken at different soil horizons were
analyzed using the inductively coupled plasma mass
spectrophotometer (ICP-MS; detection limit = 0.5 ppm) at
the Soil Testing Laboratory, Auburn University, Auburm,
AL.

Glass columns (2 cm diameter) were gently packed with
100 ml of soil. Topsoils form two sites were tested in
triplicated columns. The first soil was from the site closest
(0.2 km) to the smelter and the second one was from a site
3.4 km away from the smelter. The Pb concentration of the
topsoil close to the smelter was 199.8 mg kg and 9.3 mg
kg™ in the soil of the site further away from the s melter. A
425 pm mesh (Monodur®) was placed at the bottom of the
column. Columns were adjusted vertically and gently shaken
during soil packing. Soil was prewetted in the columns by
pouring deionized water slowly to the top ofthe soil. The soil
leaching was conducted by adding deionized water slowly to
the top of the soil until 25 ml of leachate was collected in the
sampling bottle. The leachates were filtered through 2 pm
Teflon filter (Environmental Express Inc.) and analyzed the
same day for total Pb at the Geoscience Dept. of Georgia
State University using mass atomic absorption spectrometer
(Perkin Elmer model 3100).

Statistical analyses were performed using Excel Microsoft
statistical software package. Both linear and non-linear
regression analyses were performed to determine the
correlation between Pb content and distance from the s melter.
Significant relationships between Pb content and soil
physical and chemical properties were determined using
linear regression models.

3. Results and Discussion

Non-linear regression analysis showed a very strong
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inverse asymptomatic relationship between Pb content and  variation in Pb contents (r* = 0.85, p < 0.05). This indicates
distance fromthe smelter with dramatic increase in values of strongly that distance from the smelter was a major factor
Pb content when a distance was less than 3.0 km (Fig. 1b, 2).  affecting topsoil Pb content.

Distance from the smelter accounted for about 85% of the

Figure 1a. Map of Alabama, USA and Pike County. The city of Troy is indicated with a star
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Figure 1b. Map of Pike Cowunty showingtopsoil Pb concentrations (mg kg") recorded at the different sampling sites
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Figure 2. Relationship between soil Pb contents and distance from the smelter. Best fit regression for soil Pbcontent wasy =44.567x-"%", 1’=0.85

Table 1. Mean values of Pb contents (mg kg”) in different horizons in soils in Pike County AL. Same letters within columns indicate non-significant
differences. Mean values of soil pH are shown in brackets. The sites were at the following distance to the smelter; Site 1 (600 m), Site 2 (1560 m) and, Site
3 (2840 m)

Horizon Site 1 Site 2 Site 3
A 99.7a (3.9) 35.0a (3.7) 18.0a (5.7)
E 47.0b 4.1) 19.0b (4.0) 8.0b (5.8)
Bt 18.0c (42) 2.5¢ (4.0) 7.0c (5.8

Table 2. Mean values of Pb concentrations (mgL™) in soil leachates from two sites in Pike County AL. Values of soilpH and soil Pb content (mgkg™) are
shown. Distance from the smelter is also shown. ND indicates that Pb concentrations were not detectable

Distance from LeachatePb conc. Soil Pb content Soil pH
Smelter (km) mg L’ mg kg
34 ND 9.3 5.7
02 71 199.8 3.1
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These findings are consistent with previous studies that
have shown Pb contamination in topsoils to decrease from
the contaminating source[28, 31]. In previous studies
involving lichens as bio-indicators of Pb pollution, sampling
sites downwind of the smelter recorded high levels (>2000
mg kg') of Pb in lichens[32]. In this study, soil Pb
contamination from s melting activities was highest for soil
samples collected within 3.0 km fromthe smelter (Figure 1).
The highest mean value of soil Pb (199.8 mg kg') was
recorded from the site that was closest (0.2 km) to the
smelter.

Our results agree with previous studies[28, 33], that the
extent of topsoil contamination with Pb from the smelter in
Pike County, AL is localized and the level of
Pb-contamination is generally low. The Pb content of soils in
the Atlantic Coastal Plain of USA is generally low, with
concentrations equal to or less than 14 mg kg™'[9]. In Florida,
mean Pb content for Ultisol topsoil was 12.1 mg kg™'[34].

The relationship between soil physical and chemical
properties and the contents of Pb in contaminated topsoils at
different sampling sites were none. The topsoil was
generally very strongly acidic (mean pH 4.7) and the lowest
value of a single sample was ultra acidic (pH 2.9) derived
from one of the samples on the site located 0.6 km to the
smelter[35]. Another study found the pH of the topsoils to be
extremely acidic to moderately acidic (3.8 to 5.7)[26]. No
relationship was found between soil Pb contents and cation
exchange capacity (CEC) of soils.

Surface deposited Pb has previously been reported to
accumulate within topsoils[17, 36]. In this study Pb
accumulated in the topsoil close (within 3.0 km) to the
smelter. The distribution of Pb observed in different soil
horizons of three sites close to the smelter is shown in Table
1. Enrichment in Pb contents in the A, E and Bt horizons was
demonstrated in site 1 strongly suggesting a downward
movement of Pb (Table 1). The Pb values were though
sharply diminished from A horizon (99.7 mg kg') to Bt
horizon (18 mg kg™). On site 2 the A and Ehorizon showed
enriched Pb contents. The exceptionally low Pb content in
the Bt horizon on site 2 is possibly the result of metal
leaching due to very acidic soil (Table 1).

In the soil column experiment Pb was only found in the
leachate of the soil close to the smelter (Table 2). The Pb
concentration in this soil leachate was 7144 pg L' (Table 2).
This strongly suggests that Pb has a great potential to migrate
through the soil profile on the site close to the smelter. The
dynamic process of Pb downward movement through the soil
profile on the site close to the smelter must be studied further
especially considering that this process has taken place in 40
years.

It is critical to consider soil pH to understand metal
geochemical behavior in soil systems[l14]. Generally,
desorption of metals is increased as pH decreases; hence
metals tend to be soluble in more acidic soils[37]. Other
studies have reported much higher values of
Pb-contamination of soils adjacent to Pb-smelters. For
example in Missouri Pb levels of soils were in excess of

60,000 mg kg'[38]. The results demonstrated that Pb
accumulates in soils close to the smelter. However, the
extremely acidic soil close to the smelter most likely
contributed to the distribution of Pb into the soil profile. Also,
the soil column experiment demonstrated Pb mobility of soil
close to the smelter. The topsoils fromthe two sites closest to
the smelter were extremely acidic (pH 3.7 and 3.9) and most
likely the low pH played a role in the distribution of Pb
within the soil profile (Table 1) and high Pb concentration in
the soil leachate of soils close to the smelter. The pH values
of soil in the E and Bt horizons at these two sites were also
extremely acidic (4.0 and 4.2) (Table 1). The downward
movement of Pb through the soil profile is enhanced in acidic
soils compared to neutral or alkaline soils. It was previously
observed that most of heavy metals (Pb included) remained
in the upper layers of loamy soils at neutral pH, but at
decreased pH of 5.7, dissolution of metals and movement to
lower depths in the soil profile was observed[17].

4. Conclusions

This study revealed that the extent of Pb-contamination
(max. 199.8 mg kg ™) of top soil in Pike County, Alabama is
localized in close vicinity (within 3.0 km) of an active
smelter. The top soil Pb contamination was reduced
drastically over a short distance (3.0 km) away from the
smelter. The relationship between soil physical and chemical
properties and the contents of Pb in contaminated top soils at
different sampling sites were none. The results demonstrated
that Pb accumulates in soils close to the smelter. However,
the extremely acidic soil close to the smelter most likely
contributed to the distribution of Pb into the soil profile.
Determining the spatial distribution of Pb content in the top
soil in Pike County along with information on potential
downward movement of Pb through the soil profile will
assist in identifying contaminated areas that may require
future remediation.
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