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a b s t r a c t

Shooting range soils with elevated Pb contents are of environmental concern due to their adverse impacts
on human and animals. In Florida, the problem merits special attention because of Florida’s sandy soil,
high rainfall, and shallow groundwater level, which tend to favor Pb migration. This study used large intact
soil column to examine colloid-facilitated Pb transport in two Florida shooting-range soils with different
physicochemical properties (e.g., organic carbon content, pH, and clay content). Simulated rainwater
(SRW) was pumped through the intact soil columns under different ionic strengths (0.07 and 5 mmol L−1)
and flow rates (2.67, 5.30 and 10.6 cm h−1) to mobilize Pb and soil colloids. Our results showed that
colloids dominated Pb transport in both soils and there was a significant correlation between colloids
b
olloids

onic strength
low rate
ize fractions

and Pb in the leachates. Decreases in ionic strength and increases in flow rate enhanced the release of
both colloids and Pb in the soils. Size fraction analyses showed that in OCR soils (sandy soils with low
organic carbon), most of the Pb (87%) was associated with coarse colloid fraction (0.45–8 �m). However,
high Pb level (66%) was found in the dissolved and nano-sized colloid fraction (<0.1 �m) in the MPR soils
(sandy soils with high organic carbon). This suggests that soil properties are important to Pb migration in
soils and groundwater. Our study indicated that colloids play an important role in facilitating Pb transport

in shooting range soils.

. Introduction

Lead (Pb) is a toxic heavy metal, which has received much atten-
ion because of its adverse environmental and health impacts [1].
he amount of Pb consumed as munitions in hunting and recre-
tion shooting in the United States exceeded 3 million metric tons
n the 20th century [2]. With large amounts of bullets being dis-
arded in shooting ranges, Pb is ubiquitous in shooting range soils.
or example, Pb content in the surface soils was as high as 7.5% in
30-year-old shooting range [3] and 4.8% in a 16-year-old shoot-

ng range [4]. High Pb concentrations were detected even at 100 cm
elow the surface in shooting range soils, indicating its downwards
ovement in soils [5]. If Pb is leached from the shooting range soils

nto groundwater underneath and enters drinking water aquifers, it
ill impose potential risks to the ecosystem and the public health. It

s therefore important to understand Pb mobility in shooting range
oils.
Lead is often thought to be immobile in soils because of its
ow solubility and a strong affinity to soil particles [6]. However,
everal studies suggested that mobile colloids in pore water can
nhance Pb mobility in soils [7–9]. The term colloid generally

∗ Corresponding author. Tel.: +1 352 392 9063x208; fax: +1 352 392 3902.
E-mail address: lqma@ufl.edu (L.Q. Ma).

304-3894/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2009.12.077
Published by Elsevier B.V.

applies to suspended particles of 1 nm to 10 �m, which include
many soil fractions such as clay minerals, metal oxides, and humic
substances [10]. With large specific surface area and abundant sur-
face functional groups, soil colloids have a strong ability to adsorb
various chemical species including heavy metals [10–12]. Colloid-
facilitated transport of heavy metals in soils has been reported
[11,13]. It has been recognized as one of the most important mech-
anisms governing the mobility of heavy metals in soils, and thus
has attracted much attention [14,15].

The mechanisms governing colloid-facilitated transport of
heavy metals in soils have been investigated [16–18]. Based on
batch desorption and column leaching experiments in labora-
tory settings, perturbations in solution and flow conditions play
important roles in controlling the release of colloid-borne heavy
metals [19–21]. For example, physicochemical perturbations such
as reduction in ionic strength (IS), increase in solution pH, and
increase in flow velocity may favor the release of colloids and
colloid-borne metals in soils [14,19,22].

The dependency of colloid-borne metal release in soils on IS
can be predicted using the Derjaguin–Landau–Verwey–Overbeek

(DLVO) theory [23,24]. Experimental data of metal leaching from
soil columns under different IS indicated that colloid-borne met-
als increased as solution IS increased due to reduced electrostatic
repulsive forces (electro double layer—EDL forces) [22]. When solu-
tion IS is reduced, it reduces the EDL forces, therefore remobilizing

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lqma@ufl.edu
dx.doi.org/10.1016/j.jhazmat.2009.12.077
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he initially deposited colloidal metals in soil [25–27]. The mobility
f colloid-borne metals in soils may also increase with increas-
ng pH and flow rates [22,28]. In batch experiments with shooting
ange soils, Klitzke et al. [29] found that increases in solution pH
nhanced release of both colloidal and dissolved Pb. At low pH,
hey found that the release of organic colloids may dominate the
b transport in soils. However, few studies examined colloid mobi-
ization by hydrodynamic shear detachment [19,30]. As such, to

hat degree do perturbations in flow rates mobilize colloids in soils
eeds further examination.

This study used large intact soil columns from two shoot-
ng ranges in Florida to investigate the role of colloids in Pb

obilization under simulated natural perturbations. The role of
olloid-facilitated Pb migration in these soils was assessed with
ynthetic rainwater (SRW) (pH 4.9) at different IS (high IS corre-
ponding to typical soil, and low IS corresponding to typical rain),
nd flow rates (high flow rate corresponding to irrigation, and low
ow rate corresponding to natural drainage).

Our overall objective was to investigate colloid-facilitated Pb
ransport in shooting range soils. Specifically, we were to: (1) eval-
ate the importance of colloid-facilitated Pb transport in shooting
ange soils; (2) determine the effects of IS and flow rate on colloid-
acilitated Pb transport in shooting range soils; (3) examine Pb
istribution in colloids of different size fractions in leachates; and
4) investigate the role of soil property on colloid-facilitated Pb
ransport in shooting range soils.

. Materials and methods

.1. Intact columns

Large intact soil columns were taken from two shooting ranges
n Florida, which have been in operation since 1986 [31]. They were
aken approximately 2 m in front of the berm at both locations.
ransparent polyvinyl chloride pipe (4.25 cm internal diameter and
16 cm long) was inserted into a steel sleeve fitted with a bottom
utting edge and forced into the soil using Geoprobe Model 5410
ydraulic soil probe [31]. The intact soil cores were then removed
sing the hydraulic probe, and sealed before transporting back to
he laboratory.

The two shooting range soils were designated as OCR and MPR.
hree OCR and two MPR intact soil cores were collected. While one
ntact soil column from each soil was sacrificed for characterization,
he other three columns (OCR-1, OCR-2, and MPR) were used for
eaching experiments. The OCR soil was a typical sandy Florida soil

hereas the MPR soil was disturbed with a plastic liner at 90 cm
elow the surface. To make it comparable, only the top 80 cm soil
as used for all three soil columns. The bulk density of OCR and
PR soils was 1.53 and 1.35 g cm−3, and their porosity was 0.42

nd 0.49 [31].

.2. Soil characterization

The soil columns were divided into 10-cm sections. The soil sam-
les were ground to pass through a 2-mm sieve, and digested by
dding 10 ml of 1:1 water:HNO3 to 0.5 g of soil in a digestion vial and
eating to 105 ◦C for digestion (USEPA 3050a). Quality control sam-
les including a standard reference material for soils were included
2709 San Joaquin soil and 2710 Montana soil; National Institute of
tandards and Technology, Gaithersburg, MD 20899). Satisfactory

recision and accuracy within ±20% were obtained. Total Ca, Fe, Al
nd Pb in the digests were measured with flame atomic absorption
pectrophotometry (FAAS; Varian 220 FS with SIPS, Walnut Creek,
A). Soil pH was measured with a 1:1 ratio of solid to water after 1 h.
oil organic carbon [32] and soil texture [33] were also determined.
aterials 177 (2010) 620–625 621

Water-dispersible colloid in soil was determined by placing 5 g
of soil to 100 mL of water [19]. The mixture was placed on a recipro-
cating shaker for 1 h and centrifuged at 750 rpm for 3.5 min. Colloid
concentration was determined gravimetrically by drying 100 mL
aliquots at 100 ◦C for 24 h.

Due to the high Ca concentrations in the MPR soil (Table 1), X-
ray diffraction (XRD) was used to determine the presence of CaCO3.
The MPR soil was sectioned into 20-cm segments and was analyzed
from 2 to 60◦ 2� using Cu K� radiation on a computer-controlled
diffractometer (Philips Electronic Instruments, Inc., Mahwah, NJ)
equipped with stepping motor and graphite crystal monochroma-
tor [34]. Selected physicochemical properties of the two soils are
presented in Table 1.

2.3. Leaching experiment

Simulated rainwater (SRW) was prepared based on the data
from the National Atmospheric Deposition Program, which con-
sisted of the average seasonal precipitation weighted mean
concentrations from 1990 to 2000 from two sites in Florida located
near sampling sites [31]. The SRW was adjusted to pH of 4.9 of two
different IS (0.07 and 5 mmol L−1) by adding NaCl, NaOH, or HCl for
the leaching experiment.

Leaching experiments were performed with large intact soil
columns (4.3 cm × 80 cm). A glass wool with 8 �m pore size and
a rubber stopper were used to seal the soils in the columns. Two
polyvinyl chloride tubes (diameter of 3.2 mm) were inserted into
the stopper on each side, which were used to connect column to
tubing. Vacuum pump (Gilson 302, Gilson, France) was used to
control the flow rate.

The columns were oriented vertically and saturated from the
bottom at a flow rate of 0.76 cm h−1 with 1 pore volume (PV) of
deionized water to remove air pockets followed by stabilization for
28 h before leaching. After the intact soil columns (two OCR and one
MPR) were saturated with water, the leaching experiments were
initiated by pumping SRW through the column at constant flow
rate. The leaching was performed at different stages using SRW of
different IS and flow rate (Table 2).

A two-stage leaching was performed using column OCR-1 to
determine the effect of IS perturbation on Pb transport in the soil.
The column was first flushed with high IS-SRW (5 mmol L−1) for ∼8
PV followed with low IS-SRW (0.07 mmol L−1) for additional 7 PV. In
both stages, the solution pH was 4.9 and flow rate was 2.67 cm h−1.
A three-stage leaching was performed using column OCR-2 to
determine the effects of flow rate perturbations on Pb transport
in the soil. The flow rate in the ORC-2 column was increased from
2.67 cm h−1 (stage-1) to 5.3 cm h−1 (stage-2), and to 10.6 cm h−1

(stage-3), while keeping the IS (0.07 mmol L−1) and pH (4.9) con-
stant during the experiment. The leaching study of MPR column
was only performed for one stage at IS of 0.07 mmol L−1, pH of 4.9,
and flow rate of 1.35 cm h−1. A lower flow rate was used for MPR
column because the soil had a lower hydraulic conductivity than
OCR soil (Table 1).

2.4. Effluent analysis

A fraction collector was used to collect the effluent every 40 ml in
50 ml plastic bottles. Total Pb was measured with graphite furnace
atomic absorption spectrophotometry (GFAAS; AA240Z, Varian
Inc., CA). Because soil leachates contained different inorganic and
organic colloids, it is difficult to quantify their actual concentra-

tions. In a water-quality protocol developed by the U.S. Geological
Survey, light attenuation methods based on sample turbidity are
listed as standard methods to estimate colloid concentrations in
natural water samples [35]. In this study, turbidities of the effluents
were determined with a UV spectrophotometer (Shimadzu, Japan)
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Fig. 1. Pb distributions in the two soil columns used in the study.

at 350 nm and were expressed as AU (Attenuation Unit). Colloid
concentrations in the leachates were assumed to be proportional
to AU [35].

2.5. Size fraction

Effluent samples collected from OCR-2 (stage-2 and -3) and MPR
columns were filtered to determine Pb content in colloids of differ-
ent size fractions. The colloids in these samples were smaller than
8 �m after passing through the glass wool filter. Filters with pore
sizes of 0.45 and 0.1 �m were used to separate the sample into dif-
ferent size fractions: soluble and nano-sized (PbS) (<0.1 �m), fine
colloid (PbF) (0.1–0.45 �m) and coarse colloid (PbC) (0.45–8 �m)
[36–38]. After successively filtered through the two filters, the
leachates of PbS and PbF fractions were digested following USEPA
Method 3050a. The Pb concentrations in the digests were deter-
mined with GFAAS to determine PbS and PbF concentrations. The
PbC concentrations were calculated by subtracting PbS and PbF
from total Pb (PbT).

2.6. Statistical analysis

Only simple statistical analyses were conducted. The correla-
tion among AU (colloid concentration) and total Pb concentration
(PbT) were statistically tested for significance by analyses of vari-
ance according to the Generalized Linear Model procedure of the
Statistical Analysis System [39].

3. Results and discussion

3.1. Properties of the two shooting range soils

Although the two shooting range soils were both sandy (>77%
sand), they had different properties. The OCR soil was charac-
terized with low pH (5.3–7.0), low organic carbon (OC) content
(2.4–9.2 g kg−1), and low clay content (1.6–5.4%; Table 1). The
MPR soil, on the other hand, had alkaline pH of 7.7–8.0, high
OC content of 6.2–23.1 g kg−1, and high clay content (8.5–11.6%;
Table 1). The alkaline pH coupled with high Ca concentrations
in the MPR soil clearly indicated the presence of calcium car-
bonate, which was confirmed with XRD (data not shown). In
addition, the water-dispersible colloid concentrations in the MPR
soil (6.4–27.4 mg kg−1) were much higher than those in the OCR
(3.7–11.7 mg kg−1) (Data not shown).

Both ranges have been in operation for over 20 years [31],
high Pb concentrations were therefore detected throughout the soil
profiles (Fig. 1). The Pb concentrations in the MPR soil were sub-

stantially higher than those in the OCR soil. The Pb concentrations
in the top 30-cm in the MPR soil ranged from 13.1 to 29.9 g kg−1,
while those in the OCR soil ranged from 2096 to 5284 mg kg−1. Sim-
ilar trend was observed in the subsurface (60–80 cm), with the total
Pb concentrations being <26 mg kg−1 in the OCR soil compared to
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Table 2
Leaching experimental procedures and conditions.

Column Stage-1 Stage-2 Stage-3

Ionic strength
(mmol L−1)

pH Flow rate (cm h−1) Ionic strength
(mmol L−1)

pH Flow rate (cm h−1) Ionic strength
(mmol L−1)

pH Flow rate (cm h−1)
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matrix, therefore mobilizing colloids from grain surfaces [30,42].
The results from the two-stage flow experiment indicate that flow
rate may play an important role in governing colloid and Pb trans-
port in shooting range soils.
OCR-1 5 4.9 2.67 0.07
OCR-2 0.07 4.9 2.67 0.07
MPR 0.07 4.9 1.35 –

85–4193 mg kg−1 in the MPR soil (Table 1). In a study to deter-
ine the background concentrations of trace metals in Florida soils,

hen et al. [40] reported total Pb concentrations ranged from 0.18
o 290 mg kg−1 in 450 representative soil samples in Florida. Based
n this information, it is obvious that substantial Pb migration from
op soil to subsurface soil had occurred in the MPR soil. A dramatic
ecreasing of Pb concentrations in the OCR soils at 60 cm below
he surface was observed. It might be because of the low Pb hold-
ng capacity of the soil attributing to its low clay and OC content
Table 1).

.2. Strong correlation between Pb and colloid concentrations in
he leachates

Statistical analysis was performed to identify the role of colloids
n Pb transport in the two soils. Significant correlation between the
otal Pb concentrations and the turbidities (colloid concentrations)
f the effluents were found for both soils. The correlation coeffi-
ients were 0.86 and 0.95 for the OCR (n = 210) and MPR (n = 23)
oils, respectively (p < 0.001; data not shown). For all effluent sam-
les, total Pb (PbT) concentrations showed a linear relationship
ith turbidity (R2 > 0.74) (Fig. 2). The strong linear correlation

etween Pb and colloid concentrations suggest that colloids may
lay an important role in Pb transport in shooting range soils.

.3. Effects of ionic strength on Pb and colloid transport in the
CR soil

Only small amounts of Pb and colloids were leached from the
CR soil column (OCR-1) at IS of 5 mmol L−1 at stage-1 (Fig. 3).
otal Pb and colloid concentrations in the leachates were correlated
xcluding one outlier (R = 0.62, p = 0.001). Both colloids and Pb con-
entrations increased dramatically when IS in SRW was reduced
rom 5 to 0.07 mmol L−1 at stage-2 (Fig. 3). The peak concentra-
ions were detected at ∼9 PV with values as high as 70 AU colloids

nd 80 �g L−1 Pb. The concentrations were then gradually reduced
o 13 AU and 20 �g L−1 towards the end. Similarly the Pb and col-
oid concentrations were highly correlated in the leachates of the
ow IS (R = 0.95, p < 0.0001) (data not shown).

ig. 2. Correlation between total Pb concentrations and turbidity in the leachates
f OCR-2 column.
4.9 2.67 – – –
4.9 5.29 0.07 4.9 10.6
– – – – –

Our data based on large intact columns are consistent with the
literature. For example, Ryan and Gschwend [41] examined the
release of colloidal hematite from hematite-coated sand columns
under different IS. They found that colloid release rate increases as
IS decreases. Increased Pb mobility under reduced IS further con-
firmed that colloids may play an important role in enhancing Pb
mobility in the OCR soils.

At stage-2 when low IS-SRW was applied to the column, most of
the Pb concentrations in the leachates (82%) were notably higher
than the EPA drinking water standard of 15 �g L−1. This suggests
that if low-IS flow (e.g., rain) is applied to the OCR shooting range
soil, it may impose Pb contamination risks to the groundwater
underneath.

3.4. Effects of flow rate on Pb and colloid transport in OCR soil

Similar to the IS perturbation experiment, only small amounts of
Pb and colloids were leached from the OCR soil column (OCR-2) at
stage-1 when low flow rate (2.67 cm h−1) was applied (Fig. 4). Sub-
stantial increases in Pb and colloid concentrations were observed
when the flow rate was increased from 2.67 to 5.29 cm h−1 at stage-
2. The Pb concentrations and the turbidity detected in stage-2 were
several orders higher than those in stage-1 (Fig. 4). Several stud-
ies suggested that increased flow rate in porous media (including
soils) may generate extra hydrodynamic shear stresses on the solid
Fig. 3. Effect of ionic strength perturbation on colloid and Pb leaching in OCR-1
column.

Fig. 4. Effect of flow perturbations on colloid and Pb leaching in OCR-2 column.
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Fig. 5. Leaching of Pb and colloids in MPR column.

Further increase in flow rate from 5.29 to 10.6 cm h−1 in stage-3,
owever, showed little effect on the leaching pattern of both col-

oids and Pb in the OCR-2 column. This may be because flow rate
as already above a certain critical value to mobilize colloids in the

oils. Both colloid concentrations and turbidity in the leachates in
tage-2 and stage-3 were high during the experiment, confirming
hat both high (10.6 cm h−1) and medium (5.29 cm h−1) flow can

obilize colloids and Pb in the column. In addition, the turbidity
nd Pb concentrations in the effluents were stabilized at around
0 AU and 70 �g L−1, which were much higher than the stabilized
oncentrations detected in column OCR-1 in the IS experiment
20 �g L−1; Fig. 3). The results suggest that increases in infiltra-
ion/irrigation at shooting range soils could impose potential risks
n Pb contamination to the groundwater.

In the flow rate perturbation experiment, the Pb and colloid con-
entrations were also highly correlated for all three stages (R = 0.92,
< 0.0001), indicating the dominance of colloids in Pb transport in

hooting range soils.

.5. Pb and colloid transport in the MPR soil

Compared to the OCR soil, much greater Pb concentrations
ere detected in the leachate from the MPR column, with the ini-

ial concentration being as high as 3 mg L−1 (600–3000 �g L−1 vs.
0–200 �g L−1). Within the first PV, the Pb concentrations dropped
harply to ∼800 �g L−1, and then increased gradually to ∼1 mg L−1

t 2 PV (Fig. 5). The colloid concentrations showed a similar pat-
ern, the turbidity dropped from 170 AU to 70 AU in the first PV,
nd then slightly increased to 120 AU at 2 PV. The greater Pb con-
entrations in the MPR soil may result from the high Pb content
n the surface MPR soil, which was 2–14 times higher than that in
CR soil (Table 1). The high Pb content coupled with its high OC
nd alkaline pH may have caused higher leaching of Pb in the MPR
oil. This indicates that soil property also played important roles in
ffecting Pb leaching in shooting range soils.

Similar to the OCR soil, the Pb and colloid concentrations
eached from the MPR column were also highly correlated (R = 0.95,
< 0.0001) indicating the dominance of colloids in Pb transport in
PR soils.

.6. Pb concentrations in colloids of different size fractions

To better understand the Pb distribution in colloids of different
ize fractions in shooting range soils, the Pb concentrations in the
oarse colloids (PbC: 0.45–8 �M), fine colloids (PbF: 0.1–0.45 �M)
nd soluble and nano-sized fraction (PbS: <0.1 �M) were deter-
ined for both soils (Fig. 6). In the MPR soil, the contributions from

bC, PbF and PbS to the total Pb concentration were 19%, 15%, and

6% in the leachates (Fig. 6a). In contrast, in the OCR soil, they were
7%, 1%, and 12%, respectively (Fig. 6b).

Clearly coarse colloids played a significant role in Pb transport in
he OCR soil whereas nano-sized colloids were in the MPR soil. This

ay attribute to the different properties of the two soils (Table 1).
Fig. 6. Lead distributions in colloids of different size fractions in the leachates in
MPR (a) and OCR-2 (b) columns. PbC = coarse colloid (0.45–8 �m), PbF = fine colloid
(0.1–0.45 �m), and PbS = soluble and nano-sized (<0.1 �m).

The high soluble and nano-sized Pb in the MPR soil may results
from its high OC, which is nano-sized colloids and is reactive to
Pb. In the leachates from the MPR column, high levels of dissolved
organic carbon (DOC) were detected with an average concentration
of 92 mg L−1 (data not shown). On the other hand, there was little
DOC in the leachates from the OCR soil columns (∼8 mg L−1). So for
the OCR soil, most of the Pb transport was probably associated with
coarse colloids.

4. Conclusions

For the first time, large intact soil columns (4.3 cm × 80 cm) from
two Florida shooting ranges were used to explore the role of col-
loids in Pb migration under various physicochemical conditions.
Our results indicate that: (1) colloids may dominate Pb transport
in shooting range soils; (2) decreases in solution IS and increases
in flow rate enhanced the transport of colloids and Pb in shooting
range soils; and (3) when released, Pb may associate with colloids
of different size fractions depending on soil properties.
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