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Abstract

The use of lead bullets and shot at shooting ranges is under increasing scrutiny as a potentially significant source
of Pb pollution. This study assessed Pb contamination in the soils of two shooting ranges(TRR and MPR) in Florida.
Soil samples were collected from the two ranges and analyzed for total Pb to determine Pb contamination. Selected
spent bullets and berm soil samples were mineralogically characterized to identify Pb transformation. Total Pb in the
range soils was significantly elevated with the highest(up to 4.84% by weight) in the berm soils. Most soils failed
the synthetic precipitation leaching procedure(SPLP) test. Also, at the MPR shooting range, a substantial amount of
Pb migrated down in the subsurface soil, possibly due to the enhanced solubilization of organic Pb complexes at
alkaline pH, whereas high cation exchange capacity of the profile soil may be responsible for Pb retention in the
subsoil. The weathering products on the surface of the spent bullets were predominantly hydrocerussite
wPb (CO ) (OH) x and cerussite(PbCO). Hydrocerussite was mainly found in the MPR range soils, whereas Pb3 3 2 2 3

was transformed into hydroxypyromorphitewPb (PO ) OHx in the TRR range soils because of the presence of more5 4 3

P. Sequential extraction and lead activity ratio modeling showed that the soil Pb solubility was controlled by Pb
carbonate minerals in the MPR shooting range, and by less soluble Pb phosphate minerals in the TRR shooting
range. This research suggests that it is important to develop and implement efficient management practices to
minimize adverse impacts of Pb at shooting ranges. Phosphate-induced Pb immobilization may be an effective
alternative for reducing Pb mobility in the shooting range soils.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Due to its widespread use in industrial and
commercial activities, Pb has seen a greater dis-
tortion of its biogeochemical cycle than many other
toxic metals(Alloway et al., 1995). Over time,
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the Pb loading rate in soil exceeded its natural
removal rate by approximately 20-fold or more
(Nriagu, 1990). As a result, large amounts of
anthropogenic Pb is stored in the biosphere, which
is defined as significant contamination. Large
amounts of metallic Pb from the use of lead pellets
(bullets and shot) as ammunition have been depos-
ited on the soil of shooting ranges worldwide. For
example, approximately 500–600 t of Pb are used
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annually in shotgun ammunition in Sweden(Lin,
1996). (Scheuhammer et al., 1995) estimated that
2000 metric tons of lead pellets are deposited each
year into the environment in Canada. In the US,
the total amount of Pb expended as munitions in
hunting and recreational shooting has exceeded 3
million metric tons in the last century(Craig et
al., 1999). Such a high intensity of Pb-loading at
shooting range soils has drawn much environmen-
tal concern(Chen et al., 2002; Lin et al., 1995).

Lead weathering generally occurs whenever lead
pellets come into contact with soil and exposed to
air and water. All of the metallic Pb in a pellet
will be ultimately transformed into particulate and
ionic lead species and will be dispersed into the
environment to some degree. Analyses of spent
lead pellets collected from target shooting ranges
have been shown to be visibly corroded and
covered with a crust of white, gray or brown
material(Jorgensen et al., 1987; Lin, 1996). These
crusts are composed of various Pb compounds,
predominantly cerussite(PbCO), hydrocerussite3

wPb(CO ) (OH) x and small amounts of anglesite3 2 2

(PbSO). Within 6–13 years, 5–17% of the metal-4

lic Pb pellet was transformed, and complete trans-
formation is estimated to take 100–300 years
(Jorgensen et al., 1987). The weathering rate of
metallic lead pellets depends on various physical
and chemical factors. Aerobic and acidic condi-
tions in soil enhance the rate of pellet breakdown,
whereas anaerobic andyor alkaline conditions may
slow it down(Scheuhammer et al., 1995). Physical
factors such as high water flow rates, soils domi-
nated by the presence of coarse sand and frequent
disturbance of contaminated soils all serve to
enhance weathering of lead pellets(Scheuhammer
et al., 1995).

Although spent lead pellets are removed peri-
odically at some ranges, particulate metallic Pb
and Pb minerals resulting from lead pellet weath-
ering may remain in soils. This results in the
elevation of total Pb concentration in the soils. It
has been reported that soil Pb concentrations at
shooting ranges in the Northern Hemisphere, range
from 800 to 55 000 mgykg (Rooney et al., 1999).
Recent investigations of outdoor shooting ranges
in the US documented Pb soil levels of)1000
mgykg at six out of eight sites investigated. Lead

concentrations of 3400–5000 mgykg in skeet
shooting ranges in northern England and central
Sweden were reported as well(Lin et al., 1995;
Mellor et al., 1994). Murray et al.(1997) observed
elevated Pb levels in the subsurface soil where
there was a high Pb concentration in surface soil,
indicating Pb mobilization through the soil profile.

The principal cause of Pb mobilization appears
to be the oxidation of metallic Pb to form carbon-
ates or sulfates, which were found in the crust
materials that coated the lead pellets, followed by
the dissolution of these compounds. Lead mobility
in soils is affected by soil redox potential, available
anions, (e.g. carbonate, phosphate and sulfate),
pH, and cation exchange capacity(CEC) (Basta
et al., 1993; Dragun et al., 1998). Solid phase
organic carbon can enhance lead adsorption(Basta
et al., 1993) but dissolved organic carbon can
enhance Pb mobility(Sauve et al., 1998). Soil
organic matter can dissolve with increasing pH,
significantly enlarging the pool of organic ligands
in the soil solution that can mobilize Pb(Sauve et
al., 1998).

Lead contamination at shooting ranges is of
special concern in Florida, where the combination
of high moisture and year-round elevated temper-
atures present an especially robust Pb-transforming
environment(Chen et al., 2002). The objectives
of this research are:(1) to determine Pb concen-
trations in the surface and soil profile at two rifle
shooting ranges in Florida;(2) to identify Pb
species in the soils and the weathering products of
the bullets; and(3) to apply a geochemical model
to predict which Pb minerals likely control Pb
activity in the soils.

2. Materials and methods

2.1. Characteristics of shooting range soils

The present study focused on two 100-yard
outdoor rifle shooting ranges(TRR and MPR) in
Florida, USA. Each range is approximately
100=100 m , with a backstop berm built on top2

of the original ground surface at 100 m distance
from the shooting stands by using the soil exca-
vated behind the berm. The TRR shooting range,
built on a phosphatic clay soil, is located in central
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Table 1
Selected chemical properties of soils from TRR and MPR shooting ranges

Shooting pH CECb OCc Total P Total Al Total Fe
ranges cmolykg % gykg gykg gykg

TRR 5.76"0.43a 8.51"1.97 0.74"0.54 4.24"1.31 1.32"0.86 1.69"0.73
MPR 7.36"0.57 43.2"6.42 10.7"3.60 0.51"0.31 2.35"0.75 1.53"0.65

Mean" standard deviation(ns11).a

Cation exchange capacity.b

Organic carbon.c

Florida and has been operated for 3 years. The
MPR shooting range, established on a calcareous
soil in south Florida, has been open for 16 years.
Selected chemical properties for the soils at the
two shooting ranges are provided in Table 1. The
soil at the TRR shooting range is acidic and
contains a high concentration of P, while the MPR
shooting range soil shows high soil pH, high CEC
and high organic carbon.

2.2. Soil sampling and characterization

Soil samples were collected in November 2000
and April 2001 for the TRR and MPR shooting
ranges, respectively. For each shooting range, sur-
face soils(0–10 cm) were collected at 1.5, 31.5,
61.5 and 91.5 m from the firing line along a
central transect. Background soils were sampled
from the areas that were not impacted by lead
bullets near the range. Profile soil samples(0–10,
10–30, 30–50, 50–100 cm) were collected at 91.5
m, just before the backstop berm. Samples were
collected in triplicate at each site. After air-drying
and sieving through a 2-mm sieve, soils were
digested for Pb analysis following the HNOy3

H O extraction procedure(USEPA Method2 2

3050a).
Composite berm soil samples were collected by

mixing samples from the bottom, middle and the
top of the berm. After air-drying, the berm soils
were sieved(2 mm) to separate the spent bullets
from the soils. Most of the collected bullets were
visibly corroded. The crusts were removed by
ultrasonification(Jorgensen et al., 1987). Crusts
and clay fractions of the berm soil were examined
by X-ray diffraction using CuK radiation at 35a

kV and 20 mA. XRD patterns were obtained from

2 to 608 2u. The berm soil was digested for lead
analysis using the USEPA Method 3050a.

2.3. Leaching test

The synthetic precipitation leaching procedure
(SPLP) has been used recently during site inves-
tigations to determine if shooting range soils con-
taminated with Pb might impact groundwater
quality (Peddicord, 1998). The test utilizes unbuf-
fered acid rain at a solid to liquid ratio of 1:20. In
this study, SPLP Pb in range soils was extracted
with extraction fluid No. 1(pH 4.20"0.05), and
determined following the USEPA Method 1312
(USEPA, 1995).

2.4. Soil Pb fractionation

A sequential extraction procedure developed by
Tessier et al.(1988) was used to separate berm
soil Pb into different fractions. The method oper-
ationally fractionates Pb into the following forms:
water-soluble and exchangeable(WE); carbonate
(CB); Fe-Mn oxides(FM); organic (OC); and
residual(RS). However, the method is limited by
metal redistribution and non-specificity during the
extraction. To ensure quality, a summation of all
fractions were compared to the total Pb obtained
via digestion(USEPA 3050a) using Standard Ref-
erence Material SRM2710(US NIST, Gaithers-
burg, MD). Total Pb by fraction summing averaged
92"8.2% of the total digested Pb, indicating
satisfactory recovery of the fractionation.

2.5. Modeling minerals in relation to soil lead
activity

To determine ion concentrations in the soils, 20
ml of 0.01 M Ca(NO ) was added to 2 g ofberm3 2
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Table 2
Total Pb, and SPLP-Pb in soils of TRR and MPR shooting ranges

Ranges Distances from firing lines(m) Total Pb(mgykg) SPLP(mgyl)

TRR 1.5 7.3 36
31.5 22.6 10
61.5 21.7 10
91.5 736 410
Berm soil 12 710 6850
Background soil 1.83 –a

MPR 1.5 1066 280
31.5 562 110
61.5 1018 1820
91.5 2715 2706
Berm soil 48 400 19 910
Background soil 4.28 –

Not determined.a

soil collected from the two ranges. The mixture
was shaken at 258C for 24 h, which was shown
to be long enough to attain equilibrium(McGowen
et al., 2001). After the equilibration period, the
solution was filtered through a 0.45mm membrane
filter followed by analysis of pH and anions(Cl,
Br, F, NO , SO and PO) using ion chromatog-3 4 4

raphy (Waters 2690 Separations Module, Waters
Corporation, USA). Remaining portions were acid-
ified to a pH-2 for metal analysis(K, Ba, Al,
Ca, Fe, Pb, Cu, Zn and Cd) using ICP-AES. The
results were then put into the chemical speciation
model Visual MINTEQ (version 1.03, compiled
by Jon Petter Gustafsson, KTH, Division of Land
and Water Resources, Stockholm, Sweden) to
determine Pb activity in the soil solution. A Pb
activity ratio diagram was developed based on the
dissolution equilibria of Pb minerals. Chemical
speciation data obtained from Visual MINTEQ
were plotted to identify potential minerals control-
ling Pb solubility in soils.

2.6. Chemical analysis

Soil pH was measured with a 1:1 ratio of soily
water. Soil organic carbon was determined using
the Walkley–Black procedure(Nelson et al.,
1982). Soil dissolved organic carbon(DOC) was
extracted using the method of Zhou et al.(2001),
and determined using a carbon analyzer(TOC-
5050A, Shimadzu, Kyoto, Japan). Cation exchange

capacity(CEC) was determined using the method
of Rhoades(1982). Total phosphorous was meas-
ured colorimetrically with a Shimadzu 160U spec-
trometer using the molybdate ascorbic acid method
(Olsen et al., 1982). Metal concentrations were
determined using inductively coupled plasma
atomic emission spectrometry(ICP-AES; Thermo
Jarrell Ash ICP 61-E, Franklin, MA) or using a
graphite furnace atomic absorption spectrometer
(Perkin-Elmer SIMAA 6000, Perkin-Elmer Corp,
Norwalk, CT). Quality control samples included
2709 San Joaquin soil and 2710 Montana soil
standard reference materials(US NIST, Gaithers-
burg, MD).

3. Results and discussions

3.1. Lead contamination in the soils

3.1.1. Total Pb and SPLP-Pb concentrations in
shooting range soils

Distributions of Pb concentrations in the two
shooting range soils are shown in Table 2. Total
Pb concentrations in the surface soils were signif-
icantly elevated, exceeding the average back-
ground soil Pb concentration by 10–10 000 times.
The highest Pb concentration(up to 4.84%) was
observed in the berm soils, which had the highest
accumulation of bullets. A positive relationship
has been found between the numbers of lead
bullets and Pb concentrations in the soil(Mellor
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et al., 1994). It should be pointed out that Pb
concentrations in berm soils were determined after
first picking out the large bullets and then passing
through a 2-mm sieve. This indicated that substan-
tial accumulation of Pb in fine soil particles was
primarily due to weathering of lead bullets. It was
also possible that fine Pb powder may be produced
as lead bullets travel through the berm. As expect-
ed, total Pb concentrations increased as the range
operation time increased. Soil Pb in the MPR
shooting range(16 y) was consistently greater
than that in the TRR shooting range(3 y), and
most soils in the MPR range contained more than
1000 mgykg, exceeding the EPA critical level of
400 mgykg (USEPA, 1996).

Total Pb distributions in the surface soil differed
in the two shooting ranges(Table 2). In the TRR
shooting range, Pb concentrations in the soils near
the firing lines were the lowest, whereas berm soil
had the highest Pb concentrations, followed by the
soil samples that were closest to the berm. Thus,
Pb distribution in surface soils was related to
accumulation of lead bullets, i.e. the greater the
number of bullets, the greater the soil Pb concen-
trations. However, this was not the case for the
MPR shooting range. Substantial amounts of Pb
were detected in the surface soils near the firing
lines (up to 1066 mgykg). This implies that
discharge of Pb powder produced as bullets rifle
through the barrel of the gun may have contributed
to the greater Pb concentration. This effect may
be more obvious in older shooting ranges.

The SPLP test has been used to assess lead
mobility in soils from active shooting ranges(Ped-
dicord, 1998). In the current study, the SPLP-
extractable Pb in most soils, especially in the MPR
soils, exceeded the 15mgyl critical level suggested
by EPA for Pb mobility (USEPA, 1995). This
result suggested that acid rain(pH of 4) could
mobilize significant amounts of Pb and leach it to
the groundwater. Since these soils were heavily
contaminated with Pb(Table 2), they may pose a
risk for groundwater contamination. Similar to the
distribution of the total Pb, SPLP-extractable Pb
was elevated with the highest in the berm soil(up
to 20 mgyl; Table 2). Lead in shooting range soils
results mostly from the weathering of bullets and
consists mainly of lead carbonates(Jorgensen et

al., 1987; Lin et al., 1995). These carbonate
minerals, therefore, can be easily extracted from
the soil using SPLP. A significant positive corre-
lation (R s0.98, ns8) existed between total Pb2

and SPLP Pb concentrations in these shooting
range soils. Both total Pb and SPLP-Pb are impor-
tant in assessing the toxicity and mobility of Pb
in shooting range soils.

3.1.2. Lead concentrations in soil profiles
For the TRR shooting range, soil Pb was mostly

concentrated in the surface(736 mg kg ), withy1

little found in the subsurface(-17 mgykg; Table
3). Possibly, the presence of adequate P at the
TRR range transformed Pb into the least soluble
Pb phosphate compounds, preventing leaching
down. However, substantial amounts of Pb(up to
522 mgykg) were detected in the subsurface soils
at the MPR shooting range, indicating substantial
downward movement of Pb. This could be attrib-
uted to three factors. Firstly, it may be a result of
relatively high Pb-loading in the surface soil since
it is an older range(Table 3); secondly, a high
content of organic matter in the surface soil may
have increased the dissolved Pb-organic complexes
at the alkaline pH; and thirdly, CaCO and high3

pH (7.47–7.69) in the subsurface soil may have
contributed to a greater Pb holding capacity(Table
3).

The presence of organic matter increases not
only soil cation holding capacity(as a solid), but
also the mobility of Pb in the soil(dissolved),
which may be due to enhanced solubilization of
organo-Pb complex at alkaline pH. From Table 3,
we see DOC content was high(89.3–267 mgykg)
in the MPR range soil profile. DOC may facilitate
metal transport, especially in calcareous soil by
acting as a carrier through the formation of soluble
organo-metal complexes(Zhou et al., 2001).
Organic colloidsyparticles are of great importance
in transporting Pb from the surface soil to subsur-
face soil. McBride et al.(1997) estimated that
these mobile, organically complexed forms of Pb
could account for large cumulative losses of Pb
from the surface soil. Due to the high cation
exchange capacity in the soil profile, the released
Pb from the surface layer is reimmobilized in the
subsurface soil(Wang et al., 1996). Since the
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Table 3
Soil pH values, total Pb, organic carbon(OC) and dissolved organic carbon content(DOC) in the soil profiles of TRR and MPR
shooting ranges

Ranges Profile deptha pH OCb DOCc CaCO3 Total Pb
(cm) (gykg) (mgykg) (%) (mgykg)

TRR 0–10 5.53 7.40 235 1.23 736
10–30 6.00 1.21 96.7 1.42 17
30–50 5.91 0.31 49.2 0.91 2.60
50–100 6.11 0.12 29.8 1.07 1.80

MPR 0–10 6.73 107 267 5.87 2715
10–30 7.47 16.1 96.6 12.6 276
30–50 7.56 23.2 123 7.12 522
50–100 7.69 19.3 89.3 10.2 262

Samples were collected at 91.5 m from the firing line along a central transect.a

Organic carbon.b

Dissolved organic carbon, extracted at a 1:10 ratio of soilywater for 1 h.c

groundwater occurs at a depth of slightly less than
1 m below the soil surface in many parts of
Florida, there is a high probability that the ground-
water quality at the MPR range may have been
impacted by this downward migration of Pb. Mur-
ray et al.(1997) reported that subsurface soil Pb
concentrations were in excess of 200 mgykg at a
depth of 90–100 cm at a shooting range. It was
suggested that Pb movement through the soil
profile was caused by formation of Pb carbonate
or sulfate compounds from which Pb could sub-
sequently be mobilized in the acidic soil at the
shooting ranges.

3.2. Lead chemical transformation

3.2.1. X-Ray diffraction patterns for the soil Pb
In shooting range soils, the overall chemical

transformation of lead pellets includes weathering
on the surface of pellets and further transformation
in the soil. A two-step mechanism is proposed to
account for the weathering process of lead pellets,
i.e. oxidation of metallic lead followed by hydra-
tion and carbonation in the presence of H O and2

CO . It is possible that when lead pellets are2

exposed to air, Pb oxide(PbO) forms readily on
their surfaces, and then CO and H O allow the2 2

formation of Pb carbonates from PbO. Lead oxide
or Pb carbonate may remain on the surface of the
pellets or may move into the soil through natural
disturbance such as rain and wind. When they

come into contact with soil, a series of transfor-
mation processes may occur. Lead oxide or Pb
carbonate may be stable in soils with high pH
andyor high organic matter content. However, they
may become soluble and mobile in an acidic sandy
soil. In the presence of an adequate amount of
sulfate and phosphate, Pb carbonate may be further
transformed into less soluble Pb compounds of
sulfate and phosphate.

In this experiment, XRD patterns showed that
the weathering products of lead bullets differed
between the TRR and MPR shooting ranges(Fig.
1). HydrocerussitewPb (CO ) (OH) x, cerussite3 3 2 2

(PbCO) and trace amount of massicot(PbO)3

were formed on the surface of weathered bullets
collected from the TRR shooting range, whereas
only hydrocerussite was observed in those collect-
ed from the MPR shooting range(Fig. 1). Lead
carbonate was found in both ranges, which agrees
with the assumption that when lead bullets are in
contact with soil, they will be readily transformed
into oxidized species(Jorgensen et al., 1987; Lin
et al., 1995). However, the weathering products
are site-specific. Soil pH is one of the most
important factors. Only hydrocerussite was detect-
ed at the MPR shooting range with a high soil pH
of 7.36, whereas both hydrocerussite and cerussite
were found in the TRR shooting range with a low
soil pH of 5.76. It has been reported that the
metallic Pb of three Danish shooting ranges was
transformed into Pb compounds including hydro-



185X. Cao et al. / The Science of the Total Environment 307 (2003) 179–189

Fig. 1. X-Ray diffraction patterns of Pb compounds in crusts
of weathered lead bullet and berm soils from TRR(a) and
MPR (b) shooting ranges in Florida. H, Hydrocerussite; C,
Cerssite; M, Massicot; P, Hydroxypyromorphite; Q, Quartz.

cerussite, cerssite, anglesite(PbSO) and massicot4

(Jorgensen et al., 1987; Sever, 1993). Mineral
contents of bullet crusts from eight shooting ranges
in Sweden were composed of approximately 70–
80% as hydrocerussite, 10% as anglesite, 5.0–10%
as massicot and 5.0% as cerussite(Lin, 1996).
The fact that no anglesite was found in the current
investigation may be the combination of the solu-

bility of anglesite and differences in the soil
environment. Anglesite is unstable and is readily
converted to Pb carbonate(Krishnamurthy, 1992).
Other researchers found that anglesite existed as a
crystalline form found only in a small amounts
(0.5 to 2.5%) of the soil Pb(Chaney et al., 1988).

Weathering products of lead bullets differed not
only between ranges but also between the bullet
crusts and the soil at a given range(Fig. 1). When
the crusts exist in soil, they may undergo a number
of geochemical processes, which include oxida-
tionyreduction, precipitationydissolution, adsorp-
tionydesorption and complexationychelation. Soil
properties greatly impact these transformation pro-
cesses, thus Pb minerals present in the soil may
differ from those on bullet crusts. Berm soils from
the MPR shooting range had the same Pb species,
(i.e. hydrocerussite) as the weathering products of
corresponding lead bullets(Fig. 1b). The alkaline
soil environment may have made hydrocerussite
more stable at the MPR shooting range. However,
neither hydrocerussite nor cerussite was detected
in the berm soils from the TSR shooting range
(Fig. 1a), instead hydroxypyromorphite
wPb (PO ) (OH)x was found(Fig. 1a). The phos-5 4 3

phate concentration in the soil of range TRR was
4240 mgykg, which was apparently high enough
to form hydroxypyromorphite. The formation of
Pb phosphate has been reported in contaminated
soils in the presence of adequate P. Ruby et al.
(1994) demonstrated that the weathering of galena
(PbS) to insoluble chloropyromorphite
wPb (PO ) Cl x in the soil at a port facility his-10 4 6 2

torically used for shipment of ore concentrates in
the presence of adequate soil P. Cotter-Howells
(1996) reported the presence of substantial
amounts of pyromorphite in contaminated garden,
and urban and motorway roadside soils. Among
Pb compounds, pyromorphite has the lowest water
solubility (Lindsay, 1979). Formation of pyromor-
phite in the P-rich TRR shooting range soil is
important for lead retention, thus reducing Pb
mobility (Table 3). It implied that P addition may
be an alternative for controlling Pb impacts in the
outdoor shooting ranges.

3.2.2. Lead fractionation in the berm soils
Sequential extraction has been extensively used

to assess the distribution of heavy metals in soils.
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Fig. 2. Lead distribution in different fractions of berm soils from TRR and MPR shooting ranges. WE, water soluble and exchange-
able; CB, carbonate; FM, Fe–Mn oxides; OC, organic; RS, residual.

There is a significant difference in Pb distribution
in the soils of the TRR and MPR shooting ranges
(Fig. 2). Lead in the MPR soils was primarily
associated with the carbonate fraction(59.8%),
followed by organic)Fe–Mn oxides)residual)
water solubleyexchangeable, which is consistent
with the XRD data since hydrocerussite was main-
ly identified in the MPR soil. This result is also
in agreement with that of McNear et al.(2000)
who found that the carbonate phase constituted
31–52% of total Pb in the berm soils of a shooting
range in Pennsylvania, but differed from that of
Bruell et al. (1999) who reported that over 40%
of the total Pb was held in the exchangeable phase
or in the organic fraction of a shooting range soil
in Connecticut. However, in this experiment, the
sum of Pb associated with the water solubley
exchangeable and carbonate fractions accounted
for over 60% of the total Pb, indicating that Pb in
the MPR soil is readily mobile. Contrary to the
MPR range, residual Pb was predominant(20.7%)

in the TRR soil primarily due to formation of
hydroxypyromorphite. Less than 22.3% of total Pb
was associated with the water-solubleyexchangea-
ble and carbonate fractions, indicating that Pb in
the TRR range showed a relatively low solubility.

3.3. Minerals as related to soil Pb activity

The solubility of Pb-bearing minerals is of great
significance in controlling Pb concentrations in
soils of shooting ranges. At equilibrium, the least
soluble lead compounds determine the concentra-
tion of dissolved Pb in the soil solution. Graphic
methods such as an activity-ratio diagram can be
used to describe and qualitatively interpret mineral
solubility data(McGowen et al., 2001). Probable
equilibrium reactions for Pb minerals and com-
plexes used in the model Visual MINTEQ and the
Pb activity-ratio diagram are listed in Table 4.
According to the Pb activity ratio diagram, the
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Table 4
Equilibrium reactions for lead minerals and complexes at 258C

Minerals Equilibrium reactions logKa 0

Massicot PbOq2H lPb qH Oq 2q
2 12.72

Hydrocerussite Pb(CO ) (OH) q6H l3Pb q2CO (g)q4H Oq 2q
3 3 2 2 2 2 17.51

Cerrusite PbCOq2H lPb qCO (g)qH Oq 2q
3 2 2 4.65

Anglesite PbSOlPb qSO2q 2y
4 4 y7.79

PbHPO4 PbHPOqH lPb qH POq 2q y
4 2 4 y4.25

Hydroxypyromorphite Pb(PO ) OHq7H l5Pb q3H PO qH Oq 2q y
5 4 3 2 4 2 y4.14

Chloropyromorphite Pb(PO ) Clq6H l5Pb q3H PO qClq 2q y y
5 4 3 2 4 y25.05

Data from Lindsay(1979).a

Fig. 3. Lead activity-ratio diagram at 258C with soil solution speciation data. Plotted lines assumewCl xs10 M, wSO xsy y4 2y
4

10 M, wH xs10 M andwCO (g)xs10 M.y3 q y6.5 y3.5
2

solubilities of lead minerals decrease in the order
of PbO)PbCO)Pb (CO ) (OH) )PbSO)3 3 3 2 2 4

PbHPO)Pb (PO ) OH)Pb (PO ) Cl for most4 5 4 3 5 4 3

soils (Lindsay, 1979). PbO is the most soluble
mineral of those depicted here. There was no PbO
detected in the TRR or MPR shooting ranges(Fig.
1). For the MPR shooting range, calculated Pb2q

activities were supersaturated with regard to cerus-
site and hydrocerussite for both the surface soil
and berm soil(Fig. 3). It indicated that Pb carbon-
ates may control Pb solubility in the soils of the
MPR range, which agreed with the XRD(Fig. 1b)

and fractionation data(Fig. 2). However, in the
TRR shooting range soil, Pb activities were2q

related to PbHPO and Pb(PO ) OH, showing4 5 4 3

that Pb solubility may be controlled by the less
soluble lead phosphate, which also agreed with the
XRD (Fig. 1a) and fractionation data(Fig. 2).
The high content of phosphate could reduce lead
mobility in the TRR shooting range soil through
formation of lead phosphate. This is supported by
the previous research(Santillian-Medrano et al.,
1975) which suggested that lead pyromorphite is
the primary mineral controlling Pb solubility in
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many soils amended with various forms of
phosphate.

4. Conclusions

Total Pb concentrations in the soils from two
shooting ranges(TRR and MPR) were signifi-
cantly elevated due to the weathering of lead
bullets. SPLP-Pb in most soils exceeded the 15
mgyl critical level and, therefore, these soils may
impact surface and groundwater quality. In the
MPR shooting range, a substantial amount of Pb
migrated into the subsurface soil. This was possi-
bly due to the enhanced solubilization of organo-
Pb complexes at an alkaline pH, whereas high
cation exchange capacity of the profile soil may
be responsible for Pb retention in the subsoil. XRD
patterns showed that the weathering products of
lead bullets were mainly composed of Pb carbon-
ate. For the MPR shooting range hydrocerussite is
the predominant fraction of soil Pb. In the TRR
shooting range soil, Pb was transformed into
hydroxypyromorphite due to the presence of ade-
quate P in the soil. Sequential extraction and lead
activity ratio modeling suggested that Pb carbon-
ates controlled soil Pb solubility in the MPR
shooting range, while in the TSR soil Pb activity
was determined by less soluble Pb phosphates.
Our investigation demonstrates the importance of
properly managing shooting ranges to minimize
Pb environmental impacts. Phosphate-induced Pb
immobilization may be a remedial solution where
such work is necessary.
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