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Abstract

Pollution of shooting range soils by lead from bullets represents a widespread and potentially significant concern for impact on the
environment. High concentrations of lead in particular are reported in bullet impact berms and shot fall zones. The other components
of bullets used in shooting including antimony, copper and zinc may also be present at elevated concentrations. Antimony is a concern
due to its mobility in the environment. It has been recognised that the status of contamination is important for the risk presented by
shooting ranges. Lead bullets are subject to weathering in the soil, forming secondary minerals, which may be solubilised and may
release lead and co-contaminants into the soil. The mobility and availability of contaminants in the soil affect their potential for
spreading in the environment and for uptake and toxicity in organisms. Soil physicochemical properties affect bullet weathering and
availability of contaminants in the soil. A number of strategies have been researched for management of shooting range pollution such
as chemical stabilisation, phytoremediation and soil washing. This review considers the current state of knowledge and research of
contamination and management of shooting ranges from recent literature (2014-2017) reflecting on new knowledge and novel
management strategies for shooting range soil management. Ultimately, management of pollution in shooting range soils should
seek to remove bullets from soil, reduce the weathering of bullets and reduce the mobility and bioavailability of contaminants.
Adopted management practices should be based an understanding of site-specific condition, to achieve the most optimal outcome.
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Introduction

Shooting ranges have long been recognised as a potential
source for environmental contamination due to the large accu-
mulation of lead (Pb) in soil as a result of shooting activities.
There are many thousands of shooting ranges operated around
the world for recreational activity and military training.
Concentrations of Pb in shooting range soil have been reported
ranging from 10,000 to 70,000 mg/kg, with 10 to 80% of Pb
extractable by toxicity characteristic leaching procedure
(TCLP) [18]. Numerous research investigations have been un-
dertaken in recognition of the potential significance of the
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impact on the surrounding environment. The focus of these
investigations has been on Pb, which is the primary contami-
nant, and characterisation of the extent of contamination (dis-
tribution and mobility) [14, 68, 69, 75]. Lead in shooting ranges
may be phytotoxic and may pose risk to soil and terrestrial biota
and human health [18, 59, 79, 80].

More recently, co-contaminants of Pb in shooting ranges,
including antimony (Sb), copper (Cu), zinc (Zn) and nickel
(Ni), have also been investigated [26, 34, 64]. Antimony is a
hardening agent comprising 1-2% of a bullet core. This ele-
ment is of particular interest due to its anionic nature and
relative mobility in the environment compared to Pb. The
extent of contamination varies with shooting range type and
use and soil properties are an important factor for the fate of Pb
and co-contaminants in the soil [44, 49, 68, 69].

Current Management Practice
Management of shooting ranges continues to draw on guid-

ance documents, particularly ‘Best management practices for
lead outdoor shooting ranges’ [87]. This framework covers an
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integrated approach of four management areas: control and
containment of bullets, prevention of migration of contam-
inants, removal and recycling of bullets, and documenta-
tion and evaluation of environmental management plans.
Control and containment methods are based on range op-
eration and configuration and include bullet curtains and
traps which aim to contain bullets and reduce loading in
the soil.

Research has examined a number of the suggested man-
agement approaches including bullet removal and methods
for prevention of migration including change soil for sand
berm, addition of lime or phosphate and vegetation to re-
duce erosion. A recent review by Fayiga and Saha [18] pro-
vides an overview of contamination of shooting range soils
and reviews best management practices.

Bullet fragmentation has been demonstrated from bullet on
bullet impact with a significant shift in size fraction of Pb, Sb
and Cu, with greater portion in < 1-mm and <250-um size
fractions [47]. Yin et al. [95] investigated the effect of a sand
berm, liming and bullet removal. Sand berm and liming re-
duced Pb concentrations significantly due to lower moisture
levels, organic content and higher pH. However, bullet remov-
al transferred significant Pb to the soil by abrasive action. Liu
et al. [39] confirmed the effectiveness of a sand berm due to
reduced moisture and organic matter, but noted bullet removal
was effective in trap/skeet ranges as pellets may be less sub-
jected to fragmentation. According to [19], bullet removal and
vegetation may be effective for reducing bioavailable and
leachate Pb. It has been noted that consideration should also
be given to Sb if elevated levels are present, which may be
mobilised by the addition of lime [15].

Reviews with a particular focus on chemical stabilisation
for managing shooting range soils have been previously pub-
lished [5, 68, 69]. Chemical stabilisation is discussed in detail
under the section on management of shooting range
contamination.

Shooting ranges remain a significant environmental issue
and continue to be investigated to better understand the fol-
lowing: the extent and severity of contamination, contaminant
mobility and fate under a wide range of environmental condi-
tions and means of effectively managing contamination. This
review examines the current research on shooting range con-
tamination and management and reflects on the expansion of
knowledge in the area. Journal articles considered for the re-
view were published between 2014 and 2017 and based on
database searches (Google Scholar, Scopus) of search terms:
Pb shooting range, antimony shooting range, shooting range
contamination, shooting range management and shooting
range immobilisation. Articles that were focused on outdoor
shooting range pollution and management were selected for
inclusion in this review.

The review covers contamination and fate, bioavailability
and mobility, ecotoxicity and management practices with a
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focus on novel aspects of shooting range contamination char-
acterisation and management. Management practices including
chemical stabilisation, soil washing, phytoremediation and oth-
er utilised strategies are considered. The contribution of recent
studies will be reflected on in light of current guidance and best
practice and recommendations made for shooting range
management.

Contamination and Fate

The extent of contamination and fate of contaminants con-
tinues to be investigated at shooting ranges. Co-contaminants
of Pb have been a greater focus of recent research. A summary
of shooting range characterisation is given in Table 1. For
pistol and rifle ranges, the highest contaminant concentrations
are reported in the berm or stop butt. However, Pb may also be
elevated at the firing and target lines as a result of shooting
activities [76]. For target ranges, the fallout zone contains the
highest concentrations of Pb [60]. The total concentrations of
co-contaminants such as Sb, Cu, Zn and Ni are typically orders
of magnitude lower, but may be higher in soluble concentra-
tion than Pb [55]. Elevated levels of mercury (above the
500 pg kg ' guideline value) have been reported in some sam-
ples collected from shooting ranges in Switzerland, attributed
to past use as primers [81].

A recent study by Sehube et al. [76] investigated Pb con-
tamination at eight military shooting ranges in South Africa,
which had been in operation for more than 20 years. These
ranges were characterised by high contaminant loads in the
berm soil (2000-38,386 mg/kg Pb). The pistol range
contained the lowest concentration of total Pb. The synthetic
precipitation leaching procedure leachable Pb was high in six
out of eight ranges, with the highest reported 798 mg/kg.

Shooting range contamination represents potentially high
contaminant loads, but it is increasingly understood that the
nature/status of the contamination is an important factor. Lead
in the soil of shooting ranges is deposited as bullets or pellets
that also fragment on impact producing small metallic frag-
ments. These fragments are subject to weathering and oxida-
tion to produce secondary minerals, which may be subject to
dissolution in the soil depending on soil physicochemistry.

A three-step weathering mechanism of metallic Pb includ-
ing oxidation, carbonation and dissolution was proposed by
Ma et al. [42]. Weathering is driven by soil moisture, temper-
ature, pH and organic content [37, 67, 76]. Low soil pH,
organic matter and soil moisture promote weathering in the
soil [42, 49].

Li et al. [37] investigated bullet corrosion in three different
shooting ranges in different climatic zones in China reporting
different secondary minerals present due to climate conditions
and pH. Cerussite (PbCO3) was the predominant mineral on
the weathering crust on bullets. In humid and semi-arid
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Table 1 Recent research characterising contamination of shooting range soils
Investigation Methods Result Reference

Assessment of Cu, Cr, Ni, Pb and Zn

Assessment of Pb, Cu, Zn and Sb in
small arms located on mires

Small arm range on peatland

Assessment of Pb, Cu, Sb and Cd
in two military shooting ranges

Contamination assessment of Pb
and Cu
Military shooting ranges

Mapping Pb at wetland trap shooting
range

Soil acidification at a biodegradable
trap and skeet range

Bullet fragmentation in different soil

types
Bullet weathering

Weathering of metallic Pb bullets

Total metals, available
metals, pollution index

Total metals and SE

Total metals, extractable
metals, DGT

Total metals, SE, TCLP

Total metals, SE and
pollution index

Total Pb, SPLP, SE, XRD

Total metals, XRF

Chemical analysis, XRD

Total metals, particle size
fractionation, XRD

EMPA, SEM, XRD

Concentrations, XRD

used in dove hunting area

Pb 6309, Zn 264, Cu 98, Cr 79 and Ni 33 mg/kg [64]
CaCl2 extractable: 57.4% Pb, 32.8% Cu, 26.3%
Zn, 4.5% Ni and 0.12% Cr.
Acidic mire: Pb 13 g/kg, Cu 5.2 g/kg, Zn 1.1 g/kg [44]
and Sb 0.83 g/kg
Discharge water: Pb 0.18, Cu 0.42, Zn 0.63 and Sb
65 ug/L
Soil: Pb 1400 mg/kg, Cu 843 mg/kg and Sb 110 [55]
mg/kg
Stream water: Pb 6.9 ng/L, Cu 24.0 pg/L and Sb
7.4 ng/L
Pb 3900-18,600 mg/kg, Cu 318-562 mg/kg, Zn [26]
104-123 mg/kg, Sb 26-108 mg/kg and Cd
7.45-8.11 mg/kg

Pb 4142763 mg/kg and Cu 104-307 mg/kg [38]
27 to 72% residual Pb
2000-38,386 mg/kg Pb in berms [76]

Pb carbonate: 46-68%
OM: 2-47% fractions

26,700 mg/kg Pb and shot densities of > 50,000 [60]
pellets/m? in shot fallout zone

Positive correlation between target cover and [50]
S0,%" and negative correlation of pH with SO,*~

Significant change in lead bullet fragmentation [47]
from firing in for loess, sandy clay and sandy
soils

Soil conditions affected mineralogy: cerussite, [37]
hydrocerussite, shannonite

Average Pb: 80 ppm. Minerals: hydrocerussite, [67]

litharge and hydroxypyromorphite

environments, hydrocerussite (Pb;(COs),(OH),) was reported
as the primary secondary mineral. In acidic soils, no secondary
minerals were reported. In arid environments, thermal decom-
position caused shannonite (Pb,O(CO3)) to form. Rubio et al.
[67] reported the presence of hydrocerussite, litharge (PbO-
tetragonal) and hydroxypyromorphite (Pbs(PO,4);(OH)) on
weathered bullets. These findings are in line with previous re-
search on weathering of Pb bullets in the soil [14, 89].

The state of mineralisation of Pb in the soil is an important
factor and the physicochemical conditions of shooting range
sites play an important role in the weathering and mobility of
contaminants. Lead minerals in the soil may be converted to
more stable forms (sulphates; phosphates) or sorbed to soil
(clay, iron oxides) or in solution [68, 69]. Investigation of runoff
in shooting range soil using simulated rainfall reported 40.4—
65.6 ng/mL Pb and sediment enrichment ratios up to 2.5 [16].

Several recent studies have examined shooting range con-
taminants under different environmental conditions (Table 1).
Mariussen et al. [44] investigated the contamination status of
small arms shooting ranges located on minerotrophic mires.
The highest mean total concentrations (Pb 13 g/kg, Cu
5.2 g/kg, Zn 1.1 g/kg and Sb 0.83 g/kg) and soluble concentra-
tions in discharge water (0.18 mg/L Pb, 0.42 mg/L Cu, 0.63 mg/
L Zn and 65 png/LL Sb) were reported for a range located on an

acidic mire (Table 1). Although, in surface waters with high pH
(pH ~7), there was a trend of high concentrations of Sb and
lower relative concentrations of Cu and Pb. Johnson et al. [28]
have previously reported release of Sb from shooting range soils
to be higher than for other co-contaminants.

Okkenhaug et al. [55] examined Pb, Cu and Sb in a small
arm range on peatland. Peatland areas are characterised by
high dissolved organic carbon (DOC) and high groundwater
table. The contaminant transport in the upper peat layer due to
hydraulic conductivity close to the surface and the high
groundwater table were the source of downstream contamina-
tion by Pb, Cu and Sb (Table 1). Pb and Cu were found to be
associated with DOC, but there was no association for Sb.

Hockmann et al. [24] investigated Sb released from a shoot-
ing range soil under waterlogged and drained conditions in
field lysimeters. Under drained conditions, there was a season-
al fluctuation in Sb concentrations between summer and winter
(110 and 40 png L' Sb) which correlated with fluctuations in
DOC. Under anaerobic conditions from waterlogging, Sb in
leachate decreased to 2—5 ug L' Sb and remained stable at this
level due to reduction of Sb(III) to Sb(V).

In a trap and skeet shooting range, the use of biodegradable
targets was implicated in acidification of soil [50]. Soil pH
was reduced to <3 in some locations, which was attributed
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to the oxidation of S in the targets to H,SO,. This has impli-
cations for Pb in pellets in the soil of these ranges as secondary
minerals of Pb typically reported in shooting range soils are
soluble at this pH range, posing risk to the surrounding
environment.

These studies demonstrate that shooting range siting is an
important determinant of contaminant fate. Shooting ranges
subject to different environmental conditions such as those
found in mires, peat and environments subject to water log-
ging may be subject to greater contaminant mobility due to
groundwater and DOC. The chemistry of redox sensitive ele-
ments such as Sb, which differs substantially in mobility in
waterlogged and drained conditions, needs to be understood
for effective management.

Runoff from shooting ranges is a concern, particularly
where surface water may be impacted. Greater consideration
should be given to potential aquatic toxicity from shooting
range contamination, including for co-contaminants such as
Sb and Cu.

Bioavailability and Ecotoxicity of Pb

The soluble and available fractions indicate potential for envi-
ronmental risk by movement through the soil profile, surface
water runoff and also bioavailability to human or ecological
receptors.

Previous investigations of bioavailability and extractability
of Pb in shooting ranges using chemical methods have reported
Pb to be highly bioavailable, relative to other contamination
sources. Smith et al. [78] reported the gastrointestinal bioac-
cessibility (the quantity or fraction available for adsorption in
the GI tract) of 31 peri-urban soils in a simulated human gas-
trointestinal tract. Shooting range soil Pb had the highest bio-
accessibility (>75% in eight of nine soils) and soils contami-
nated by mining and smelting were on average 55% bioacces-
sible. Bannon et al. [11] found mean bioaccessibility using
acid-extractable lead as a percent of total lead in the soil to
be approaching 100%. This was suggested to be due to high
concentration of Pb in the soil present as oxides and carbonates
from bullet weathering.

Sequential extraction and other single extractions have
been utilised in recent research of shooting range contamina-
tion to indicate the associations of metals in the soil (Table 1).
Islam et al. [26] investigated associations of Pb, Sb and Cu
with soil fractions by sequential extraction to indicate their
potential bioavailability, reporting 42% of Pb in bioavailable
(exchangeable and carbonate) and 55% potentially bioavail-
able fractions (Fe and Mn oxide and organic/sulphide). A
majority of Cu was in potentially bioavailable fractions (up
to 69%), whilst 32 and 48% were bioavailable and potentially
bioavailable for Sb, respectively. A high proportion of Pb has
been reported (~50%) in the carbonate fraction of shooting
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range soils [30, 76], but significant Pb has also been reported
in the residual fraction [38]. Rodriguez-Seijo et al. [64] report-
ed 57.4% Pb, 32.8% Cu, 26.3% Zn and 4.5% Ni extractable
by CaCl,, indicating that Pb in particular was in an available
form.

Studies have also examined organism uptake (plants, earth-
worms, humans, birds, mammals) particularly of Pb from
shooting range contaminated soils. In humans, bioavailability
can be defined as the fraction of an ingested chemical dose that
reaches systematic circulation [52]. For plants, it is the fraction
that may be taken up from the soil (phytoavailability).
Bioavailability can also refer to the fraction available to soil
organisms such as earthworms.

Bannon et al. [11] found the mean relative bioavailability
using swine studies to be (108 = 18% and 95 + 6%, respective-
ly). The bioavailability of Pb in soil to different receptors can
be influenced by the soil physiochemical properties [93]. In a
swine study on Pb contaminated soils, the soil properties, pH,
CEC and clay content are the most important predictors of
in vivo relative bioavailability of Pb [9]. Soil pH and clay
content accounted for 85% of the partition coefficient’s vari-
ability. High bioavailability of shooting range soils indicate
increased health risks and therefore need of strict cleanup
measures to prevent human health and ecological risk from
contamination [18].

The effect of shooting range contamination to ecological re-
ceptors is also dependent on bioavailability. In a study exposing
Eisenia andrei to shooting range soils, Luo et al. [41] found high
mortality and weight loss of earthworms in the two most pollut-
ed soils. Available Pb was negatively correlated with earthworm
survival and reproduction and positively correlated with weight
loss [41]. Similarly, Sanderson et al. [70] reported significant
weight loss and mortality in earthworms exposed to the most
highly contaminated shooting range soil (10,000 mg/kg Pb).
Earthworm uptake in all four soils was correlated with MgCl,
exchangeable metals. The bioaccumulation of Sb in plants and
earthworms was relatively small compared to Pb, though in one
soil, Sb accumulated in plants was around 50% of the accumu-
lated Pb, perhaps due to the low iron oxide concentration in the
soil compared to the other soils examined.

Rodriguez-Seijo et al. [66] reported relatively low bioaccu-
mulation factors (0.06-0.26) for earthworms exposed to a
moderately contaminated, slightly acidic shooting range soil.
Bioaccumulation was slightly positively correlated to avail-
able Pb (»=0.45; p<0.05). The toxicity to three aquatic or-
ganisms (Raphidocelis subcapitata, Daphnia magna, Vibrio
fischeri) from shooting range soil elutriates was also examined
and found to be low to moderate. The percentage growth rate
of inhibition of R. subcapitata was 0.7 to 42. The ECs for
V. fischeri bioluminescence inhibition was 7000-9990 mg/kg
and D. magna immobilisation was 0%.

Soil microbes are also known to be affected by shooting
range contamination. Fayiga et al. [19] noted increased
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microbial activity with bullet removal and reduced Pb burden
in the soil. Sanderson et al. [70] reported relatively low micro-
bial activity in untreated shooting range soils; however, chem-
ical amendments such as phosphate and lime greatly increased
microbial activity.

Birds and mammals are exposed to Pb by ingesting
lead shot and associated bullet fragments or through indi-
rect modes. Scavenging birds are vulnerable to exposure
to Pb bullets used in hunting due to their foraging strate-
gies and physiological processes that facilitate the absorp-
tion of lead [21]. Ingestion of spent shot in waterfowl
from wetland shooting is well documented [56]. The re-
view by Golden et al. [21] provides detailed discussion of
the effect of ingestion of spent shot. This topic is not
considered further in this review.

The downstream impact of contamination from an aban-
doned shooting range has been examined by Mariussen et al.
[46]. Elevated concentrations of Pb, Cu and Sb (14, 6.1 and
1.3 ng/L, respectively) were reported in a downstream lake.
Bioaccumulation and toxicity were reported in the brown trout
and brown trout eggs for Pb.

The assessment of availability of contaminants in shooting
range soil and through chemical extractions and in vitro bio-
accessibility tests has been a staple of the recent research.
These tests are insightful from both the characterisation and
management perspective as it is increasingly recognised that
the available and leachable fractions are the risk drivers for
these sites. The research on availability and leachability of Pb
from contaminated sites is quite well developed. The avail-
ability and leachability of Sb in shooting range soils have been
illuminated in recent research and further research will contin-
ue to increase the understanding of Sb as a contaminant in
shooting ranges.

Ecotoxicity is also an important consideration for assessing
and managing the impacts of shooting range contamination,
which compliments chemical assessment. Ecotoxicity of Pb is
relatively well understood having previously been widely in-
vestigated. Recent studies have continued to use ecotoxicity
endpoints examining bioaccumulation and toxicity to soil bi-
ota and aquatic organisms of Pb from shooting range soils.
Greater understanding of the contribution of Sb to shooting
range ecotoxicity would be beneficial.

Management of Shooting Range
Contamination

The management of shooting range soils may take a number of
approaches and may include implementation of multiple strat-
egies to reduce contaminant burden and stabilise contaminants
in the soil. These strategies may broadly be categorised as
mobilisation, stabilisation and removal (Fig. 1). Mobilisation
strategies involve the addition of a chemical agent to mobilise

contaminants for removal from the soil such as soil washing
and enhanced phytoremediation. Stabilisation refers to a meth-
od which seeks to enhance the association of the contaminant
with the soil and may include chemical stabilisation and
phytostabilisation. Removal refers to physical removal of the
bullets and fragments from the soil and includes separation
techniques and excavation. The trend in shooting range re-
search since 1990 is demonstrated in Fig. 2. Lead contamina-
tion and management were the focus of initial research. The
research has expanded to examine Sb and management tech-
niques beyond phosphate for Pb stabilisation including the use
of biochars and iron oxide amendments.

Chemical Stabilisation

The mechanisms of achieving Pb immobilisation include ad-
sorption, precipitation, complexation and liming effect (Fig. 1).
A number of amendments may be applied to the soil to stabi-
lise contaminants. Lead bioavailability can be reduced when it
is bound to Fe and Al oxides, adsorbed to organic and inor-
ganic components or precipitated as Pb-phosphates or other Pb
minerals ([9, 14]). Consideration of Pb chemistry in soil can be
utilised to manage and reduce risk from Pb contamination of
shooting ranges. Chemical stabilisation by addition of soil
amendments has been researched for management of Pb in
shooting range soil [5, 68, 69]. Ahmad et al. [S] reviewed
different sources of lime-based waste materials, noting the
main mechanism of Pb immobilisation by these amend-
ments was closely associated with sorption and precipita-
tion at high soil pH. Sanderson et al. [68, 69] noted a
range of amendments had been utilised for treating shoot-
ing range soils. Varying degrees of immobilisation based
on amendment type, soil properties and soil moisture influ-
ence on reaction kinetics.

An overview of recent studies of chemical stabilisation of
shooting range soils is given in Table 2. These recent studies
have examined varied application of phosphate-based amend-
ments, such as phosphate-containing wastes, phosphate-based
nanoparticles and phosphate coatings of bullets. Other amend-
ments that have seen increased research for application to
shooting ranges include iron oxide-based amendments and
biochar. The use of these amendments is discussed below.

Phosphate

Phosphate has been a particular focus of research of stabilisation
of Pb in shooting ranges due to the precipitation of Pb with
phosphate to form pyromorphite which is stable over a wide soil
pH range [2, 12,57, 71, 77]. Several kinds of P compounds have
been used for Pb immobilisation including hydroxyapatites,
rock phosphate, phosphate-based salts, diammonium phosphate,
phosphoric acid and their combinations [32].
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Fig. 1 Schematic diagram illustrating the management approaches to Pb in shooting range soils

Seshadri et al. [77] showed that both soluble and insoluble
P compounds are effective in achieving long-term stabilisation
of Pb. The P-induced immobilisation of Pb varied between the
P treatments based on their solubility. The use of phosphate
compounds like diammonium phosphate (DAP) and triple
super phosphate (TSP) has shown ability to significantly de-
crease the availability of Pb by immobilisation [48, 88]. The
increase in pH and the rise in surface charge were found to
enable immobilisation via adsorption of Pb in the presence of
phosphate compounds [12].

However, not all phosphate compounds are necessarily ef-
fective in the immobilisation of Pb, which requires the phos-
phate ions to be in soil aqueous phase and the solubilisation of
existing Pb species for transformation [92]. This may be
inhibited in the soil. The immobilisation of metals was found
to be relatively ineffective when phosphate rock was applied
to calcareous soils, which can be attributed to the poor reac-
tivity of apatite [88]. A previous study by Moseley et al. [51]
examined three phosphate fertilisers and reported large

Fig. 2 Number of papers
published on different aspects of
shooting ranges since 1990.
Scopus was utilised as the
database and search terms were a
combination of shooting range
and the following: lead, antimony,
phosphate, iron oxide, biochar
and soil washing +
phytoremediation (other)

—>— |ron Oxide Immobilization
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amendment masses were required to achieve relatively modest
reductions in bioaccessibility.

Whilst soluble P compounds which drive down soil pH are
effective in immobilising Pb, they may cause the leaching of
P, which is harmful to the environment. It is therefore prefer-
able to use insoluble P compounds to limit P leaching.
Phosphate solubilising bacteria (PSB) can be used to facilitate
P solubilisation from insoluble P compounds such as rock
phosphate, thereby promoting Pb immobilisation [57].

Sanderson et al. [72] used phosphate and magnesium oxide
to chemically stabilise Pb in three shooting range soils. The
speciation results using X-ray absorption spectroscopy com-
bined with linear combination fitting showed up to 17% of Pb
present as pyromorphite from phosphate treatment. They ob-
served further increase in Pb as pyromorphite (38%) when treat-
ed with the combination of phosphate and magnesium oxide.
Substantial Pb in the soil remained associated with iron oxide.

Other approaches utilising phosphate include a hydroxyapa-
tite, derived from flue gas and desulphurisation gypsum, which
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Table2  Overview of recent research on chemical stabilisation of shooting range soils
Amendment Metals examined Amendment Result Reference
applicate rate
Phosphate rock, Pb 4:1 P:Pb TCLP Pb reduced from up to 800 [20]
phosphoric acid mg/L to <1 mg/L
Phosphate alkaline residue Pb 0-20% TCLP Pb reduced from > 100 mg/L to <5 [94]
Bioaccessible Pb reduced 20-70%
Phosphate, lime, MgO, Pb, Sb 2:1 P:Pb, Pb bioaccessibility reduced by 20-55% [71]
red mud Lime, red mud and Sb bioaccessibility by 10-20%
MgO 2%
Phosphoric acid, MgO Pb 1% P, 10% MgO XAS-pyromorphite formation up to 38%. [72]
P + MgO reduced bioaccessibility by
up to 25%
Phosphate coating Pb Bullet surface coating Leachable Pb was reduced by 77-98% by [22]
FePO4 or AIPO4 surface coating
Ca3(P0O4)2 nanoparticles Pb, Cu, Zn 5% CaCl2-extractable Pb and Cu reduced by [8]
>90% and Zn 50%.
Mussel shell, cow bone Pb, Sb 5% Maize uptake reduced by up to 71% Pb [4]
and biochar and 53.44% for Sb
Hydroxyapatite and ferrihydrite Pb, Sb 5% Water-soluble lead and antimony by 99.9 [53]
and 95.5%, respectively
Ferric oxyhydroxide Pb, Sb 1-4% Water- and 1 M NH4NO3-extractable 1 Pb [54]
with limestone reduced by 89-99%, Sb 89-90%
Red mud, zero valent Pb, Sb 1:19 Fe:Soil, 1:4 red Pb leaching reduced from > 700 to < 10 [82]
iron, iron sulphate mud:soil, 2% goethite pg/kg and Sb 450 to < 10 ugkg
Biochar, iron oxide, gibbsite, Pb, Sb, Cu 5% biochar, 0.1% iron Pb extractability reduced by 13-94% [62]
silver nanoparticles oxides and Sb by up to 20%
nanomaterials
Biochar Pb, Sb, Cu 10% Exchangeable Pb reduced by 88.08%, Cu [6]
by 86.73%, Sb by up to 50%
Cow bone powder, biochar, Pb 5% Water-soluble Pb in amended soil significantly [7]
egg shell powder decreased with saline water irrigation.
Biochar, carbon nanotubes Pb, Sb, Cu 0-2.5% BC reduced the concentrations of Pb and Cu [90]

in the soil by 17.6 and 16.2%

was able to immobilise Pb by precipitation and Cu by ion ex-
change, demonstrating potential of modified waste materials for
remediation of shooting range soils [40]. Another novel ap-
proach used a phosphate-based surface coating (FePO4 or
AIPO4) of bullets to reduce leaching of metals from bullets
[22]. Arenas-Lago et al. [8] used Ca3(PO),2 nanoparticles, dem-
onstrating reduced extractable Pb and Cu by more than 90%.

Sanderson et al. [73] examined the effect of environmental
conditions and soil physicochemistry on stabilisation of Pb by
phosphate. Wet-dry cycles and organic matter were found to
inhibit the effectiveness of monocalcium phosphate, whilst
application of ammonium nitrate or chloride with the phos-
phate increased the effectiveness of the treatment. The reduc-
tion in bioaccessible Pb obtained was only between 20 and
40% with the most optimal treatment conditions, and the
transformation of Pb to pyromorphite was indicated to be
relatively limited.

Additionally, treatment of shooting ranges with phosphate
should consider co-contaminants, particularly Sb, which may
be mobilised by phosphate [31]. Sanderson et al. [71] Sb was
generally reduced in porewater by addition of rock phosphate
in four shooting range soils.

Other Amendments

Other amendments have been examined and applied to shoot-
ing range soils recently including lime, MgO, red mud, iron
oxyhydroxides and biochar (Table 2). These amendments rep-
resent a range of stabilisation mechanisms (Fig. 1) and dem-
onstrate ability to stabilise contaminants in shooting range
soils, depending on site-specific conditions. Amendments
which increase the soil pH (liming effect) such as lime and
MgO are effective in reducing leachable Pb (water extractable
and TCLP) and have varying effectiveness for bioaccessibility
reduction [71]. However, the effect of these amendments was
generally to mobilise Sb in porewater.

Iron-based amendments have been found to be effective
both for the stabilisation of Pb and Sb [44, 54, 82]. Iron
oxyhydroxide amendments reduced NH4;NO; -extractable
levels of Pb by up to 99 and 90% for Sb by adsorption to
the iron oxide surface [54]. Concentrations in soil leachates
were 55-94% less for Sb and reduced by 79-99% Pb, Cu and
Zn using iron-based amendments [44, 45].

Combined application of amendments may be necessary
for effective stabilisation of both Pb and Sb [53, 54, 82].
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Tandy et al. [82] reported FeSO,4 reduced Sb(V) to Sb(Ill) and
decreased Sb leaching; however, a great increase in Pb
leaching required the combined application with a red mud
amendment. A combined application of charcoal and iron hy-
droxide in successive filters was found to reduce Cu, Sb and Pb
in shooting range runoff water by 89, 90 and 93%, respectively
[43].

Biochar

Biochars, carbon-rich products from thermochemical conver-
sion of biomass under oxygen-deficit environment [35], have
been widely reported to be effective in heavy metal
stabilisation in soils [61], Inyang et al. 2015. Several studies
have examined biochars for metal stabilisation in shooting
range soils [3, 6, 13, 58, 62, 85]. In most cases, various types
of biochars were found to effectively immobilise Pb and Cu
[3, 62, 85], whilst Sb has been found to be unfavourably
mobilised ([3, 85, 90] or unaltered [62] by biochars in shoot-
ing range soils. Vithanage et al. [90] examined effects of car-
bon nanotube and biochar on bioavailability of Pb, Cu and Sb
in shooting range soil. Biochar reduced the concentrations of
Pb and Cu in the soil by 17.6 and 16.2%, respectively.
However, both carbon nanotubes and biochar increased Sb
bioavailability by 1.4- and 1.6-fold, respectively, in DTPA
extraction.

Biochar can increase cation exchange capacity, releasing
large amount of cations (K*, Na*, Ca>* and Mg>") and anions
(CI',CO5*, PO, SO, increasing soil organic carbon and
increase soil pH [25, 61, 62]. Correspondingly, the stability of
Pb by biochars can be through electrostatic attraction (ion ex-
change) [3], Pb-phosphate precipitation [13, 25] and surface
complexation [63, 91] and by increase of pH [4, 25]. Higher
pH favours precipitation of Pb as metal hydroxide [5], Pb
bound to organic matter [25] and formation of other Pb sorp-
tive components including carbonates, iron and manganese
oxides [25].

The formation of Pb precipitates with various cations and
anions in soil systems has been reported to be the dominant Pb
stabilisation mechanisms [25]. For example, phosphorous con-
tent in biochars was found to convert less stable PbCO; to more
stable hydroxypyromorphite [Pbs(PO,4);OH] [13], forming sta-
ble chloropyromorphite [Pbs(PO,4);Cl] [6, 62] or lead phos-
phate (Pb3(POy4), [25] in shooting range soils. Association of
Pb with other minerals like Al and Si content in biochars can
also aid Pb stabilisation in soils [4]. The reported stabilisation
mechanism for Cu in shooting range soils was complexation
with surface functional groups [62, 84]. However, similar to Cu
stabilisation in non-shooting range soils, Cu can also be
stabilised by other mechanisms such as electrostatic attraction,
association with biochar mineral phases, precipitation as car-
bonate or Cu oxide phase in biochar-amended shooting range
soils [61]. In contrast, the increase of soil pH and the release of
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phosphorous by biochar amendment can induce Sb
mobilisation through enhanced electrostatic repulsion and sorp-
tion competition from phosphate [3, 4].

Metal stabilisation in shooting range soils by biochars is
strongly relevant to biochar properties that are mainly deter-
mined by biochar feedstocks and production temperature [61].
Among all biochar feedstocks, phosphorus-rich manure-based
biochars are favourable for Pb stabilisation through precipita-
tion [13]. Low-temperature biochars have been reported to
favour stabilisation of Pb by releasing more P, Ca, etc. (350
than 650 °C) [85], more abundant surface functional groups
(300 than 700 °C) [3, 62] and more surface-negative charge
(temperature increase at < 500 °C) [25]. Uchimiya et al. [84]
also suggested biochars richer in carboxyl functional groups
exhibited greater Pb and Cu stabilisation capacities in shoot-
ing range soil. Hence, phosphate functional group rich bio-
chars are recommended for shooting range soil management
whilst mobilisation of Sb should be carefully monitored and
avoided. Meanwhile, proper application ratio should be tried
before large-scale application of biochars into shooting range
soils in order to achieve optimal immobilisation effects at the
lowest cost.

Most research on chemical stabilisation of shooting ranges
has utilised lab-based approaches to study amendment appli-
cation. Preliminary studies may focus on testing a range of
amendment application rates in a batch study before examin-
ing optimal rates in at a larger bench scale, with more detailed
analysis. Other studies will use a set amendment rate guided
by previous literature and explore application of the amend-
ment to a particular site and conditions. It is important in these
studies to consider the effect of the amendment not just on the
primary contaminant Pb, but also on co-contaminants such as
Sb, which is sorbed and mobilised by different mechanisms
than Pb.

Laboratory trials enable testing of important parameters,
such as amendment rates and other conditions like the effect
of soil moisture level. Site-specific conditions such as contam-
ination status, soil pH and organic content influence the suc-
cessful application of chemical stabilisation at any given site.
Research studies provide important insight to the applicability
of different amendments for site risk management or remedi-
ation. Indeed, treatability studies to examine optimal applica-
tion for site-specific conditions are important and chemical
stabilisation vendors often use these to determine the most
appropriate amendment formulation for a given site. It must
also be noted that lab studies often utilise the < 2-mm fraction
of soil, which excludes intact bullets and larger fragments,
which are present in the field. Therefore, consideration must
be given to potential ongoing release of metals from bullets
and fragments remaining in the soil. The removal of bullets in
addition to the use of amendments may be required.

Field-based trials provide valuable information for ob-
serving treatment at scale under real-world conditions
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overtime. In a field-based study by Okkenhaug et al. [54],
the remediation was reported to be stable over the 4 years of
the experimental period. Such a demonstration is important
for the implementation of approaches researched in the lab
to the field.

Field-based application should consider application which
is effective for the incorporation of the amendment into the top
soil layer (~ 0-20 cm), where the contamination is concentrat-
ed, with caution to mechanical disturbance of the soil, which
may cause abrasion of intact bullets and fragments. A slurry
injection of the amendment may be preferable to rototilling for
applying amendments to shooting ranges.

Phytoremediation and Other Management Practices

Phytoremediation may be in the form of phytoextraction
(mobilisation) or phytostabilisation (Fig. 1). Phytoremediation
of shooting range soil was recently reviewed by Bandara and
Vithanage [10], who recommended more studies be conducted
on a wider variety of plants and plants suited for practical appli-
cation in the field, including ability to remove metals and met-
alloids and symbiotic relationships of plants with microbes to
enhance the efficiency of phytoremediation. A study by Adler
et al. [1] demonstrated the isolation of lead-resistant bacteria that
could be utilised to assist phytoremediation. Tariq and Ashraf
[83] examined phytoextraction potential of four species for met-
al removal in shooting range soil and reported Pisum sativum to
be a hyperaccumulator of Pb, with removal efficiency of
96.23%, whilst Zea mays removed 74% assisted by EDTA ap-
plication. The other two examined species (Helianthus annuus
and Brassica campestris) extracted relatively little Pb.

The use of plants in phytostabilisation applications has also
been investigated for shooting range soils. The grass Agrostis
capillaris was recently investigated for managing contamina-
tion of trap shooting range soils [65]. The average soil concen-
tration of Pb ranged from 29 to 724 mg/kg. High accumulation
of Pb in the roots (up to 1107 mg/kg) was reported, but there
was relatively low translocation to shoots (135 mg/kg). This
indicates potential for management of the relatively disperse
contamination at trap shooting ranges by phytostabilisation.
However, weathering of bullets may be favoured by acidity,
organic matter, available P and microbial activity as well as by
dissolved CaCOj3; coming from the clay target residues [65], so
caution needs to be applied and soluble concentrations of
metals should be monitored.

The effects of two best management practices for shooting
ranges (bullet removal and vegetation) on bioavailability and
leachability of Pb were recently examined [19]. Bullet remov-
al and/or vegetation reduced bioavailable and leachate Pb
across the three shooting ranges. High uptake in the root indi-
cated St. Augustine grass could be used for phytostabilisation.

A combined approach utilising a phytoremediation and
chemical stabilisation technique was employed by Katoh

et al. [29]. Heavy metals in the contaminated soil were
transported toward the plants via water suction from the roots
and were immobilised by soil amendment. The concentrations
of Pb and Sb stabilised were 8-25 and 69—533 times higher,
respectively, than that removed by phytoextraction.

Other means have been examined for the management of
shooting range contamination. Islam and Park [27] used a
novel hydrothermal treatment (HT) to immobilise Pb and
found a drastic reduction in bioavailable fraction from 41.33
to 14.66% and increase of non-bioavailable fraction from 2.9
to 15.76%, by repartitioning of Pb to more stable fractions in
the soil. Novel management and remediation approaches for
shooting range contamination should continue to be investi-
gated with an emphasis on cost-effective and sustainable
approaches.

Soil Washing

Soil washing is a well-known technique for remediation of
metal contamination, which continues to be investigated
for application to shooting ranges [17, 23, 33, 36, 96].
Researchers have investigated a range of approaches using
this technique.

Guemiza et al. [23] and Lafond et al. [33] investigated
countercurrent leaching methods, which achieved metal re-
moval yields of 80-90% for Pb and Cu, 50-80% of Sb and
30-44% of Zn. Countercurrent leaching utilises a process
where treated waters are reused in a flow opposite to the flow
of solid, allowing the leachate to be reused for multiple
leaching steps and reused in multiple cycles. Both authors
noted significant reduction in water and chemical consump-
tion, which is important for cost-effectiveness and sustainabil-
ity of soil washing. However, disturbance of the soil structure
is a drawback of using acid washing to remove metals.

Alternative extractants such as ferric chloride have been
investigated to remove lead from shooting range soil [96].
Whilst ferric chloride was effective in removing Pb, it caused
similar acidification of the soil. Etim [17] utilised an acetic
acid/potassium chloride washing solutions combined with
electrochemical reduction, achieving up to 87% removal of
Pb. Sanderson et al. [74] used a biodegradable mobilising
agent in combination with phosphate amendment to determine
whether more Pb could be immobilised through combined
technique. In two of the four soils, a greater reduction in bio-
accessible Pb was achieved by the use of a mobilising agent
prior to application of phosphate.

Considerations for Managing Shooting Range
Contamination

Environmental regulations and contaminant threshold

limits are likely to inform management goals for shooting
range operators. Environmental management plans for
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shooting ranges should give consideration to these as well
as the site-specific properties, which affect management of
contamination.

Regional scale assessments of shooting ranges have been
undertaken in order to inform management of shooting
ranges, using a risk-based screening approach to identify
shooting ranges which are driving risk (Darling and Thomas
2003; [79]). The EPA in Victoria, Australia, is currently un-
dertaking a desktop human health and environmental risk as-
sessment of about 150 shooting ranges across Victoria. These
studies have utilised available data (land use, groundwater,
soil properties, distance to sensitive receptors) to identify sites
posing potential risk from contamination for further study.
Such approach represents a means of targeting resources
where they are most needed. This is particularly beneficial
for gun clubs which have limited operational budget.

Characterisation of shooting ranges should identify con-
taminant hotspots on sites (particularly for trap/skeet ranges).
The use of portable X-ray fluorescence (XRF) allows for col-
lection of a relatively large number of data points and spatial
interpolation of the dataset [60, 86]. This information allows
for a targeted approach to the highest contaminant burden or
risk areas that would be beneficial where finances constrain
management options.

Application of best management practices to shooting
range soils, such as liming and replacement of soil berm
with sand, could serve to reduce the risk from Pb in shoot-
ing range soils. Such a management technique is particu-
larly applicable for shooting ranges with acidic clayey
soils. Other amendments, such as phosphates and biochar,
may be able to achieve a higher level of stability of con-
taminants than lime addition, which may be desirable for
protection of the environment or human health. Such man-
agement approaches should consider site-specific condi-
tions, including understanding the potential effects on the
mobility of co-contaminants of Pb. It should also be appre-
ciated that for some sites, Sb may be more of a concern for
mobility in the environment than Pb and the application of
iron hydroxide-based amendments may be beneficial for
stabilisation of Sb.

The removal and recycling of bullets from shooting
range soils has the potential to substantially reduce con-
taminant burden and environmental and human health
risk. However, caution should be exercised as mechani-
cal removal of Pb may result in abrasion of Pb fragments
and enrichment of Pb in soil. Density-based separation
may be a better means of bullet removal from the soil
and reduce abrasion. Soil washing methods may be ap-
plicable to remove contamination where there is a high
proportion of contaminants sorbed to the soil. Alternative
extractants and methods, such as countercurrent leaching
(with recycling of washing solution), may provide a
more sustainable and cost-effective approach.

@ Springer

Conclusions

Shooting ranges remain an ongoing environmental concern.
Researchers continue to investigate and characterise the fate of
contaminants, bioavailability and toxicity, and management
practices for these sites. The fate of co-contaminants, such as
Sb in particular, continues to be investigated in shooting range
soils, with the appreciation that Sb behaves quite differently to
Pb in the soil.

Site-specific physicochemical conditions are important for
the weathering and mobility of contaminants and these need to
be understood by range operators to apply the most appropri-
ate management practice. Consideration should also be given
to the forms of Pb and other metals in the soil, which play an
important role in the environmental and human health risk of
shooting range contamination. Shooting range sites with dif-
ferent conditions from the norm, such as those sited on mires
or peat or those in acidic environments, may have greater
mobility of contaminants and need more careful management.

Management strategies should seek to reduce the
weathering of bullets in the soil and limit the mobility and
bioavailability of contaminants. Techniques such as chemical
stabilisation and phytoremediation have demonstrated poten-
tial, but need to take into consideration site-specific condi-
tions, and utilise trials to optimise their application at a given
site. Ongoing research into novel amendments such as biochar
and iron oxides and combined applications of amendments for
stabilisation of Pb and Sb in shooting range soils will assist in
providing additional approaches for application of chemical
stabilisation, in addition to the well-researched application of
lime or phosphate. Research should continue into identifying
novel, cost-effective approaches for management of contami-
nation of shooting range soils that may be applied where funds
for management and remediation are limited.
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